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ABSTRACT 

There is widespread concern that water quality has declined substantially in the Neuse River 
E&uary 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 percent reduction in nitrogen loading to the Neuse was legislated by the State 
of North Carolina in 1997 and hquent calls remain for even more drastic nutrient reductions. 

The Neuse River Estuary Modeling and Monitoring (ModMon) project was initiated in 1997 to 
bring coordinated modeling and observational capabilities to assist with the management 
question of how to best improve water quality in the Neuse. The primary objectives of the 
monitoring have been (1) to build an observational database in the Neuse River Estuarv that can 
support i d  complem&tthe ongoing water qualitylecosystem modeling in the system &d (2) to 
conduct simple, process-based research that enhances our understanding of the basic behavior of 
the Neuse &v&~stuary. In both cases these objectives have been f&ed towards providing 

I guidance for management actions and providing information to allow objective assessments of 
the effectiveness of management actions in the Neuse. 

This report presents the results of monitoring fiom June 1997 - fall of 1998 of the hydrography 
and circulation, water column nutrients and productivity, sedimentary processes and benthic- 
pelagic coupling, and the benthic ecology in the Neuse River Estuary during the ModMon 
project. The data collected during this study as well as a more thorough graphical presentation 
of much of this data is contained on a CD ROM that is available from the University of North 
Carolina, Water Resources Research Institute. A subset of this information is also maintained at 
the ModMon web site at htto://wwwmarine.unc.edu~neuse/modmon. 

I KEY WORDS: circulation, stratification, hypoxia, nutrients, primary productivity, sediments, 
', water quality, nutrient release, benthic-pelagic coupling, oxygen uptake, nitrogen cycle, benthic 

infauna, fish kill 
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There is widespread concern that water quality has declined substantially in the Neuse River 
Estuary 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 percent reduction in nitrogen loading to the Neuse was legislated by the State 
of North Carolina in 1997 and fkquent calls remain for even more drastic nutrient reductions. 

The Neuse River Estuary Modeling and Monitoring (ModMon) project was initiated in 1997 to 
bring coordinated modeling and observational capabilities to assist with the management 
question of how to best improve water quality in the Neuse. The primary objectives of the 
monitoring phase of ModMon have been (1) to build an observational database in the Neuse 
River Estuary that can support and complement the ongoing water qualitylecosystem modeling 
in the system and (2) to conduct simple, process-based research that enhances out understanding 
of the basic behavior of the Neuse River Estuary. In both cases these objectives have been 
focused towards providing guidance for management actions and providing information to allow 
objective assessments of the effectiveness of management actions in the Neuse. 

Because nutrient input, flushing and stratification in the Neuse River Estuary are controlled by 
highly variable meteorological forcing, the system can be expected to experience significant 
annual ecological variability (e.g., as measured by algal blooms, oxygen levels, fish kills, etc.). 
This high interannual variability makes the determination of ecological trends and even the 
assessment of present ecological status very difficult over time periods of a few years or less. 
Furthermore, the extremely shallow water depth of the Neuse River Estuary provides the 
opportunity for strong bottom sediment-water column coupling with the result that the bottom 
sediments can efficiently store and source nutrients (that fuel algal blooms) and carbon (that 
consumes oxygen) over the course of years. Until the storage capacity of the sediments is 
exhausted, it may compensate for reductions in external nutrient loading making evaluation of 
the effectiveness of management actions very difficult over time periods of a few years or less. 

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 hdamental 
linkages between basin-wide loading and ecosystem response that can then be translated into a 
process-based ecosystem model and (2) the development of a long term database of critical water 

ecosystem models, to distinguish ecological trends from annu 
the effectiveness of management actions. 

, To date the ModMon project has focused the attention of a sigaificant Man of the relevant 
North Carolina scientific community on the Neuse River Estuary. This report presents the 

hydrography, water column nutdents and productivity, sediment characthtics, sediment-water 
column coupling and benthic ecology in the Neuse. One of the principal products of this 
research is the database contained on the supplemental CD ROM that consists of h m  18 - 24 
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I Neuse River Estuary. 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. I 

/I Specific findings 6om the past 18 month study are the following: 

I Longitudinal water e x c i g e  in the Neuse River Estuary i s ~ c i p a l l y  driven by fresh water C - - 
discharge (estuarine flow & u s  -50 percent of the time) and low Gquency (e.g. 2 - 4 day 
duration) meteorological forcing of the lower Neuse and Pamlico Sound. Winds blowing 
toward the northeast move water out of the Neuse into Pamlico Sound and winds blowing 
toward the southwest move water into the Neuse from Pamlico Sound. Significant changes 
in water level (> 0.5 m) can occur quickly (hours) in response to rapid wind shifts. 
Astronomical tidal constituents are minimal in the Neuse. Standing wave like sloshing in the 
diurnal and higher frequency range constitutes the majority of the longitud'i velocity signal 
but is relatively ineffective at displacing significant volumes of water. 

Estuarine flow and vertical stratification are most prevalent during periods of calm winds or 
winds blowing toward the northeast and are reduced during periods of winds blowin 
towards the southwest. 

The magnitude of the benthic 02  flux is relatively uniform for the 8 
clear differences in sedimentary organic matter and porewater nutri 
flux of 0 2  across the sediment-water interface may be regulated by molecular difisio 
through the stagnant boundary layer. 

Oxygen uptake in the sediments and water column are of comparable magnitude. In con 
benthic and pelagic respiration are capable of M y  depleting the 0 2  pool in 
water in <5 days. However, the "lifetime" of the sediment 0 2  demand (-2.6 
exceeds that of the water column (-5 d), so that the benthic flux will control how 
responds to a long-term reduction in eutrophication. 

From spring through late fall, there is sufficient oxygen demand to deplete ne 
oxygen concentrations within a few days of the development of appreciable vertical 
stratification in the water column. Thus oxygen depletion is not usually correlated to 
episodic biological events (e.g., the crash of an algal bloom) in time, but rather is fueled by 
the accumulation of organic material in the sediments either 6om water column production 
(e.g., algal blooms) or external organic matter loading. However, extreme organic loading 
events, such as occurred after hurricane Fran, can cause wholesale removal of oxygen 
the water column along much of the length of the estuary. 

In the section of the Neuse upstream of Cherry Point, upwelling of near bott 
the shorelines is a common and highly transient phenomenon. Winds in the 
SW directions drive surface water against the downwind shoreline and c 
bottom water against the upwind shoreline. If upwelling occurs fo 
prolonged stratification, the upwelled water will have Iow oxygen lev 
harmful to fish. Strong wind events can cause vertical mixing near 
Neuse yet still generate upwelling at the upwind shore. 

I_ 
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The only significant fish kill event in the Neuse River Estuary during 1998 .occurred 
upstream of Cherry Point followkg an extended period of stratification and at approximately 
the time of a rapid wind shift that cawed upwelling near Minnesott Beach and presumably 
along a significant section of the northern shore. 

Dissolved inorganic nutrient loading (nitrogen and phosphorus) varies seasonally, with 
highest concentrations in the upper esiuary in the spring. 

There is usually suflicient light to support phytoplankton photosynthesis in the upper 3 

Phytoplankton biomass and productivity are highest h m  early Spring through summer with 
maxima occurring in the section of the estuary between New Bern and Cherry Point. Bloom 
events can be attributed to specific phytoplankton groups (e.g., diatoms, dinoflagellates, 
cyanobacteria, etc.) depending on season and location in the estuary. 

Sediments with high sand content are restricted to the shallow margins of the estuary in 
proximity to where they have been eroded fiom the shoreline. The percentage of mud 
increases sharply moving away from the shoreline. Hydrodynamic processes appear to 
modulate water column productivity in controlling the spatial distribution of sedimentary 
organic carbon and nitrogen. Organic matter concentrations are highest in the muddy 
sediments deposited in the deep channels along the estuarine axis. 

N e w  River sediments represent vast repositories of nutrients and 0 2  demand. The 
uppermost 2-cm of the sediment coIumn contains 86,000 tons of organic carbon and 7800 
tons of nitrogen. This quantity of organic carbon is two orders of magnitude greater than the 
inventory of 02 in the bottom water and ten times greater than the total nitrogen content of 
the entire 3-4 meter water column. 

The benthic NH4+ flux is 3-4 times greater than external loading of particulate and inorganic 
nitrogen. Sediment uptake of N03- (denitrification) moderates the release of NH4+ and 
provides a net sink for fixed nitrogen at least at one of the sampling sites examined in this 
rePo* 

Groundwater advection is not a significant source of nutrients to the water column at any of 
the 8 stations sampled for porewate~ C1-. 

Suspended sediment concentrations are low in comparison to those in other drowned river 
valley estuaries on the U.S. East Coast and appear to show little variation over time or along 
the length of the estuary. Although most of sediment appears to be packaged as aggregetes3 
vertical flux may be low due to low sediment concentrations in the water column. Previous 
research suggests that, despite the trapping efficiency of the estuary, muds are periodically 
flushed out of the Neuse into Pamlico Sound where they accumulate in the deep central 
basin. 

Low oxygen conditions o m m o r e  often and for longer duration in the deeper sections of the 
Neuse River Estuary than in the shallower sections. During the summer of 1997, these 
conditions strongly impacted benthic infauna and caused the mass mortality, in the deeper 
sections of the estuary, of species that comprise primary dietary items of demersal fish such 
as spot and croaker. 

- - - 





The strongest recommendation that we have to offer in Eds report is the nwd to bdti a long term 

l l l y  evgtuafe the-effactvews ofimkmgemant dogs.  At Ate least we.rwmimboad continuing 
tha weektp &-river USGS continuous m 0 & ? & & ~ ~ ~ ; 6 $ ~  @ similar 
c o h m  d t o r i n g  p 0n.h th9 loprier sect i0n.of~the;~~bel?6w the bend 

, at Chwy Sqint (transect ,120). : @ w t i o n  we believe that it is critical to install 0onhous 
moni6ring @truplgitatian ah& t$e estuary dove Chw' Point that kan biahk crliss river 
circulation and up&Iling of  lob^ dxygen bottom water co~itinuousiy i n  dm And therefore 
capture the conditions that precede any fish kill. If low oxygen upwelling events can be 
consistently correlated with fish kills, it will help establish an important trophic link between 
water quality and fish. 

Additional priority areas for research are: 

Bottom sediment - water column coupling, specifically targeting better information on rates 
of nutrient exchange, carbon processing and the residence time of these materials in the 
system. This should be wompanied by the development of a process based sediment model 
that can be coupled with the existing water column - water quality model in the Newe River 
Estuary. 
An observational capability to qmtify the flux of organic carbon from the water col~ill~l to 
the bottom sediments and thacfore to determine the rate at which oxygen cunsuming 
material is delivered to the bottom. 

Survey denitScation (in particular, coupled nitrification-denitdication) in the N e w  River 
and in the freshwater portions of the Neuse River. Accurate measurements are 

critical for closing the benthic nitrogen budget and predicting the rate at which the 
sedimentary nitrogen pool is purged of nitrogen. 

Improved quantification of the co-limitation of light and nutrients in the Neuse River Estuary 
and the direct calculation of aitical model parameters (e.g., uptake rates, halfsaturation 
constants) h m  observational studies. 

Better understanding of the transfer of nutrients and carbon at trophic levels between prh& 
producers (algae) and fish, such as zooplankton and benthic invertebrates, to allow better 
assessment of the relationships between water quality and fish habitat and production. 

Analysis of the sedimentary record to understand historical water quality patterns in the 
Newe (if this is feasible). 

Better understanding of the relations hi^ between meteorolomcal forcina, runoff and 
straMcation within k e  Neuse River ES& and the developmkt of a thre;! dimensional 
hydrodynamic model that can capture these dynamics. 
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a Desim and im~lementation of a cou~led watershedlestuarv monitoring promam that is - -  - 
exD6itlv desiked to test the effectkeness of various nikgen reduction management 
&ate&& in ackeving the overall goal of a 30 percent nitrogen reduction to the e s e .  

Development of a watershed model that tracks the fate and transformation of nitrogen 
through the watershed and -water portions of the Neuse Basin from the time it leaves a 
point where management actions are possible (e.g., the outfall, field edge, smoke stack) to 
the time it enters the estuary. Eventually, this model should be coupled with the estuary 
water quality model to provide enhanced tools for evaluating management options. 

Determination of the relative importance of atmospheric versus terrestrial nitrogen inputs in 
the nitrogen budget and ecosystem dynamics of the Neuse River Estuary. 

xxiv 



I ' Active dissemination of results from the MONitoxing portion of the ModMon project 
I 

I 
have occurred via the ModMon web page (www.marinc.unc.edu/newe/mdnmn), workshops, 
presentations to the North Carolina General Assembly, presentations at public meetings and 
fbm, presentations at national scientific meetings, outreach efforts in the public schools and 
community and scientific journal papers. A partial listing of activities by the authors of this 
report that have drawn on results obtained during the ModMon project include: 

Worksho~s: 
,. 

ModMm kickoff workshop hosted by the UNC Institute of Marine Sciences, Morehead bty, 
NC, May 5,1998 

. , , I ?  ... . ~ . . 

ModMon progress workshop hosted by the Carolina Environmental Program at the UNC Friday 
Center, Chapel Hill, NC, April 29,1998.. .~ . 

Presentations at Scientific Meetings. Symposia and Seminars: 

Clesceri, E. J., Martens, C. S., Alperin, M. J., and Albert, D. B. "Stable isotopic tracing of 
particulate organic matter in seston and sediments from an eutrophic estuary in North 
Carolina, USA," Annual Meeting of the American Society of Limnology and 
Oceanography, Santa Fe, NM, February 1-5, 1999. 

Clesceri, E. J., Martens, C. S., Albert, D. B., and Alperin, M. J. "Tracing organic matter 
deposited in sediments Eom the Neuse River Estuary, North Carolina," Third 
International Conference on Diffuse Pollution, Scottish Environmental Protection 
Agency. 

Luettich, R. A., Jr., "Neuse River water quality monitoring," Water Resources Research Seminar 
Series, October, 1998. 

Luettich, R A., Jr. and J.V. Reynolds-Fleming, TJnique Circulation Characteristics of a Shallow 
Estuary Plagued by Water Quality Issues," Estuarine Research Conference, Sept. 1999. 

McNmch, J. E., "Physical processes of the Neuse River Estuary: An observational component of 
ModMon," Department of Marine Sciences, Chapel Hill, NC, Dec. 1998. 

Paerl, H.W., "Atmospheric N deposition in US estuarine and coastal waters: An assessment of 
the biogeochemical and ecological significance," Presidential Committee on Coastal 
Eutrophication, Washington DC, Oct. 1997 

Paerl, H.W., "Ecological and biogeochemical effects of atmospheric N inputs to our coastal 
waters," NASIESA Worksho~ on the impacts of atniosuheric deoosition in coastal 
waters; Narragansett, RI, NOV: 1997. 

- . . 
Paerl, H.W.. "Assessing the budnetarv and bioneochemical simificance of atmomheric 'hew" ., . 

nitro&n loadhiin our estuaries and coastal waters," eo'oastal Resources eouucil, 
Washington, DC, September, 1998. 



Research Conference, Sept. 1999. 

Nutrients in the Neuse River, Working Toward Solutions, New Bem, NC, Dec. 1997 

presentation to the Lower Ntnse Basin Association Meeting, April 1998. , ,. 

Subcommittee, May 1998. 

Luettich, R.A., Jr., "Outlook for Neuse River Water ~ u a ~ i t y  ~ummer~all1998," presentation to 
the North Carolina House m i b d t t e e  onEnviromnent iid ~atnral Resources, May 

the North Carolina Senate sub 



Paerl, H.W., "Nutrient-eutrophicatio~ dynamics of the Neuse River Estuilry: What is manageable 
and what is not," Neuse Rive Water Qual&y Conftzence, Nutrients in the Neuse River, 
Working Toward Solutions, New Bern, NC, Dec. 1997 

I Paerl, H.W., "The role of atmospheric deposition in estuarine eutrophication: The Neuse River as 

I a microcosm". Environmental Defense Fund, New York, NY, Jan. 1998. 

Paerl, H.W., "The role of atmospheric deposition in nitrogen loading and eutrophication of the 
Neuse River Estuary, NC," WRRI Annual Conference, Raleigh, NC, April 1998. 

P a d  H.W., ~'Nutxientr, hypoxia and anoxia in the Neuse Estuary: What is natural and man- 
made?" White Oak Council, Maysville, July 1998 

Pad,  H.W., "Eutrophication dynamics of the Neuse River Estuary What do we know and how 
do we use the information for management," Neuse River Water Quality Conference: 
Solutions for Agriculture, New Bern, NC, Nov. 1998. 

' Paerl, H.W. p d  J.S. Ramus, "he heamlico Sound: Water Quality Consequences of Anfaropogenic 
Nutrient Enrichment and Reduction: A Perspective on Research and Iibwgement Needs 
for the 21st Century," Albemarle-Pamlico Sound Conference, New Bern, NC, Dec. 1998. 

J., "Water quality issues for North Carolina," Leadership Carteret Civic Group '98. 
PineKnoU Shores, NC. Feb. 1998. 

incloley, J., "Overview of the Neuse River Estuary modeling and monitoring (ModMon) 
project," Neuse River Estuary Model Development Stakeholder's Technical Workshop. 
Raleigh, NC. April 1998. 

Articles Submitted or Published: 

Hench, J.L., J.T. Bircher, and RA. Luettich, Jr., "A Portable Retractable ADCP boom-mount for 
small boats", Estuaries, 23(3):392-399 

Lenihan, H.S., C.H. Peterson, J.E. Bye&, J.H. Grabowski, G.W. Thayer, and D.R Colby. 2000. 
"Cascading of habitat degradation; oyster reefs invaded by refugee fishes escaping 
stress," EcologicaI Applications, in press. 

Luettich, RA., Jr., J.V. Reynolds-Fleming, J.E. McNinch and C.P. Buzzelli, "Circulation 
Characteristics of the Neuse River Estuary, North Carolina", Estuaries, in review. 

cycles of phytoplankton 
community-structure and bloom dynamics in the Neuse River Estuary, North Carolina," 
Marine Biology 131:371-382. 

Pinckney, J., H. Paerl, & M. Harrinpton. 1999. "Phytoplankton community growth rate responses 
to nutrient pulses in variable estuarine environments," Journal of PkycoIoogy 35:1455- 

f phytoplankton and Pfiesteria- 
enrichment in the Neuse River Estuary, NC 

Series 192:65-78. 



Pinckney, J., T. Richardson, D. Millie & H. Paerl. 2000. " ~ ~ ~ l i c a t i o n  of photopigment 
biornarkers for quantifying microalgal community composition and in situ growth rates," 
Organic Geochemisfiy, in review. 

Richardson, T., J. Pinckney & H. Paerl. 2000. "Responses of estuarine phytoplankton 
communities to nitrogen form and mixing using rntsocosm bioassays," Estuaries, in 
review. 

Richardson, T., J. Pinckney & H. Paerl. 2000. "Phytoplankton group-specific responses to 
variations in available nutrients and water column mixing in the Neuse River Estuary, 
North Carolina," ~ & a l  ofExpeninentaIMarine 

Other: - 
Luettich, RA., Jr., Public school outreach to West Carteret High School during the 1997-8 

school year. Fall 97: Sediment cores collected as part of the ModMon project were taken 
to an AG science class and students were given the opportunity to measure and analyze 
diffusive oxygen uptake rates due to microbial activity in the sediments. Spring 98: A 
working physical model of the Neuse River Estuary was constructed and taken to the - -  - 
high school to illustrate principles of density, stratification, wind mixing and estuarine 
circulation. AG science and math students were provided with data collected during the 
ModMon project and with guided questions to help them identi@ specific periods when 
the data exhibited behaviors that were illustrated by the model. Together the sediment 
cores and estuary lessons helped the students understand some of the physical processes 
behind the low oxygen levels in the Neuse River Estuary. 

Luettich, R.A., Jr., Invited Panelist on "Statewide: Neuse River Research", North Carolina 
Agency for Public Telecommunications, May 14,1998. 

McNinch, J.E., Speakex at an Environmental Education workshop hosted by Camp Don Lee. 

Pinckney, J., Invited Expert Panel, Ecological Monitoring in the National Estuarine Research 
Reserve System Workshop, Charleston, SC, October 1998. 

Paerl, H.W., Neuse R Estuary field trips @ec. 1997, July, 1998, Oct. 1998, Nov. 1998) which 
included participation fhm the Public in general, the North Carolina General Assembly, 
Neuse River Foundation, Tar-Pamlico Foundation, US Dept of Agriculture, US-EPA, 
NC State Univ., UNC-CH, UNC-W, East Carolina Univ., NC Agricultural Extension 
Service, NC Dept. of Agriculture, NC Dept. of Environmental end Natural resources, 
Weyerhaeuser Co., private consulting companies, Carolina Power and Light, US Army 
Corps of Engineers. Total number of participants exceeded 100. 

Paerl, H.W., 2 guided tours on the Trent River (Oct. 1998). Participation ffom the public in 
general, NC State Agricultural Extension Service, NC Sea Gnmt, UNC-CH Office of 
Research. Total participants, 45. 



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 8ccommodate 
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 N e w  River Nutrient Sensitive Waters 
Management Plan, North Carolina Environmental Mauagement Commission, June 1997). As a 
first step toward improving water quality in the New,  the North Carolina General Assembly has 
enacted legislation requiring a 30 percent reduction in nitrogen loading to the estuary. While the 
scientifidtechuical community generally believes this will yield noticeable water quality 
improvements, we have little basis forpredicting either the extent of its effectiveness or optimal 
ways in which it should be implemented. Even more disturbing is the likelihood that we may be 
unable to determine the effectiveness of these measures offer the fact 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 sigdicant 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 offer 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 m e l i n g  and Monitoring (ModMon) project has consisted of a multi- 
institutional team of investigators collaborating to understand the relationshius between loading 
and ecosystem response &d to develop models for use by state officiis to assist future 
management decisions. This report covers the estuarine monitoring portion of the ModMon 
project from June 1,1997, through the fall of 1998 in the areas of hydrography and circulation, 
water column nutrients and prductivity, sediment processes and benthic-pelagic coupling, and 
benthic ecology. Additional monitoring of the response of fisheries to water quality variables 
(primarily dissolved oxygen) is reported separately @by and Crowder, 1999). 

The primary objectives of the monitoring have been (1) to build an observational database in the 
Neuse River Estuary that can support and complement the ongoing water qualitylecosystem 
modeling in the system and (2) to conduct simple, process-based research that enhances our 
understanding of the basic behavior of the Neuse River Estuary. In both cases these objectives 
have been focused towards providing guidance for management actions and providing 
information to allow objective assessments of the effectiveness of management actions in the 
Neuse. Field studies were designed to build a comprehensive, long-term data base of critical 
water quality related parameters along the length of the Neuse River Estuary, to provide basic 
calibration and verification data for the modeling effort, and to determine the im~ortance of 
specific processes for iqclusion in future modeling: 
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Whenever possible data collection was coordinated with other data being collected in the Neuse 
(e.g., continuous monitoring stations operated by the USGS, in situ benthic oxygen flux studies 
conducted by the North Carolina Division of Water Quality, and atmospheric deposition and 
nutrient enrichment studies performed at the University of North Carolina Institute of Marine 
Sciences) to provide as comprehensive and effective a data set as possible. Much of the data 
descnied 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. 

Given the importance of making data available from this project for future analysis and modeling 
efforts, we have archived all data in digital form on CD ROM for distribution with this report. 
Figure 1.1 presents an organizational diagram of the data We have attempted to use naming 
conventions and include sufficient header information to make the data tiles self-explanatory. 
Due to the disparate types of data that were collected (e.g., bottom sediment cores, &TI cask, 
continuously recording moored instruments) we have not attempted to put all data into a single 
database. Rather, the data have been grouped by types and included either as MS Excel (97 
version) spreadsheets or as ASCII text tiles. In addition, in many cases a graphical presentation 
of the data has been included in Graphics Interchange Format (gif). 

Figure 1.1: Organizational chart of the ModMon data archive. Only the subdirectory structure is 
shown. 
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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 quite shallow, 
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 is largely fringed by marsh (Robbins and Bales, 1995). The low-lying 
marsh shoreline is interrupted in a few isolated locations by sandy scarps that are remnants of 
Pleistocene shoreline high-stands. The region's predominant wind directions are northeast and 
southwest. South-southwest winds are most common from April to August while north- 
northeast winds 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 expaitme an 
extreme range of conditions rangkg fbm 'vertically homogenous9 to 'highly skilied'. The 
estuary receives nm-off from approximately 11% of the state's total &ace area and is the 

Wwate r  contriiuto~~o ~amlico~~ound (Kim, 1990; Stanley, 1992). An average 
annual discharge rate at the mouth of the Neuse has been estimated at 150 m3/s (Kim, 1990). 
Flow measurements collected at Kinston from 1977-1988 show peak flows typically occuning in 
the spring while the late summer and early fall are characteristically periods of lower flow. 
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Figure 2.1 : Location map of the Neuse River Estuary showing depth contours in feet 
(MLLW) and surrounding streams and communities. 
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quality in our.coasta1 waters is a knowledge of the physical processes that drive &d#op and 
hydrography. In the NRE downstream of New Bern, an area that has been plagued by algal 
blooms and fish kills, circulation may be upstream, downstream or both (e.g., estuarine 
cirmlatiop). Residence time will whetherernUaients. and/or processed 
internally or.-t &.&p&Iico 2 :.- Sound Verrkd density is a cn'tical 
ingredient h the  dm- af Ef ,+. -&a ?: . .~ condition& Side to ei& play an 
important rob in fish.kBh. Thus . &~ deyzlo&$acapab'ltity[& m t e l y  

modeling the hy&ography and,-e NRE will be .xitical to &we&& pmcesrbased 
modeling of the impacts of an-@ nutrient inputs on the system's eo~s@em dynamics. 

Robbins and Bales (1995) providpd bai& &ew of previous hydrodynamic work eanducted in 
the NRE (Jarrett, 1966; Woods, 1 s, 1975; Lung, 1988; Wells a&ICh 1991) as 
well as a summary of obsewatkm Y the USGS &om 1988-1992., P&&&~sB et al 
(1986) investigat& the effecta of m @ d  win& on water level and circulation in ~'amlico Sound 
which included some observations from the Neusa, and Lenihan (1997) collectsda limited 
apount of hydrographic and Bob fnfonnrliion from oyster bods near the cstwymouth. A 
sMmssis of these observations c- . . the NRE as a wind-driven estuary hPvLLg low flows 
&.aq spatidly aid temporally comip% b d  an extreme 
*dies pmvidc a solid basis, our m&nstanding of the hy&og@pity 

modeling amp&&s o 

d)tZT.*~rOnentrnm' 
-.&&&on other the  that it is comp1&. '&x&&w&&fwind fming 
in moving the salt wedge along and across the axis of the estuary versus mixing and destroying 
vertical Watification is also completely anexplore& Coupled with these process-based ,qUwtions 
is the rwed to build a physical d&e that can be used to calibrate and verify water qnslity 
models of the estuary. 
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sampling extended in time and nearly d&bled in space an ongoing biweekly to weekly sampling 
program that had been in place since 1994. AU sampling was conducted using like 
instrumentation (Hydrolab Surveyor 3 and H20 CTD with dissolved oxygen and pH sensors) 
with laboratory calibrations conducted before each field deployment Stations were sampled as 
synoptically as possible, typically within 3-4 hours. Graphical presentations of the results were 
posted on the ModMon website within 1-2 days of sampling. 

Data and figures from the 77 mid-river sampling trips conducted between the beginning of June 
1997 and the end of December 1998 are contained in the ModMon archive in Excel spreadsheet 
and gif formats, respectively. 

Figure 3.1: Location of mid-river sample stations in which CTD casts were conducted 
weekly from June 1997-December 1998. * indicates stations added to the pre-existing mid- 
river sampling network for the ModMon project Numbers in circles indicate station 
numbers. 

3.2.2 Long term current meter mooring 

Two Interocean S4 electromagnetic current meters, positioned near-bottom (75 cm above 
bottom) and near-surface (75-125 cm below surface), were deployed on a long term mooring 
located near W i o n  Point (Figure 3.2). This mooring is approximately 5 m east of the 
Minnesott Beach feny marker number 2. Average water depth in the immediate vicinity is 4 m. 
The mooring was established in August 1997 and was maintained through the fall of 1998, 
although data in this report are limited to August 1997 through September 1998. From August 



1997 -June 1998, the meters were programmed to measure current speed and dimtion, 
conductivity, temperature, and p r s h  at a sampling rate of 2 Hz for 5 minutes out of every 30 
minutes. The measurement strategy was changed in June 1998, to sampling at a rate of 2 Hz for 
3 minutes out of every 15 minutes. The meters were serviced (cleaned, downloaded, batteries 
replaced, cali'bration checked) and sprayed with &-fouling paint to reduce biological fouling 
every 8-10 weeks. Temperature and conductivity values were verified with an independently 
calibrated HydroLab Surveyor 3 and H20 CTD. 

The 5-minu* and 3-minute averaged data are available in the ModMon archive in ASCII text 
format. All S4 data are referenced to a starting time of 8/1/97 13:30 GMT. 

Figure 3.2 Locations of S4 current meter moorings, across-channel hydrographic 
transects and water level gauge mooring. Note, transect numbering is consistent with the 
mid-river station numbering in Figure 3.1. 

3.2.3 Across-channel ClD and ADCP transects 

Dissolved oxygen, salinity, pressurs, and temperature were measured at approximately w e d y  
:@tervals across the river at transects 68,100,120,135, and 148 fiom July - Octok 1997 
Figure 3.2). Hydrography was measured at 5 stations along each of the across-channel transects 
using a Seabird CTD with attached DO sensor and pumped flow through system. The CTD was 
lowered continuously at a speed of approximately 1.5 m per minute and provided vertical 
profiles of conductivity, temperature and dissolved oxygen at 2.5 cm vertical resolution. 
Dissolved oxygen and salinity measurements h m  the SeaBird CTD were calibrated and verified 



in the field with a YSI dissolved oxygen probe and a HydroLab Surveyor 3 and H20 CTD 
combination that were calibrated independently in the laboratory. 

During July-September 1998, acrosschannel hydrography was measured biweekly at 3 stations 
(no* side, middle, snd south side) along transects 68,100,165, and 175. These observations 
were made at 0.5 m intervals h m  near-surface to near-bottom using the Hydrolab Surveyor 3 
and H20 CTD. 

All hydrographic transect data are displayed graphically in the ModMan web page. The data and 
figures are contained in the ModMon amhive in ASCII text and gif formats, respectively. 

Cunent speed and direction throughout the water column were measured using an acoustic 
doppler c m t  p d k  (ADCP). The ADCP, an RDI 1 2 0 0 m  mounted and towed 
along the surfam at ltp~roximatelly 2 hots. Ship speed and fl@m were calculated 
h m  DGPS and battom within the ADCP. Depthtjfrlir&25 cm were used and 
ensemble averaging ofpiagsprovided a horizontal resolution MT00 m and a flow speed 
accuracy of 2 cds .  Velocities fmm the near-smface and nedr-%tttjfn depth bins were removed 
because of velocity emns eJSociaRed with surface cavitatiotpaud bterftawiee with the bottom. 
Velocity calculations h m  the ADCP thus provided an effeDtive range &m approximately 
75 cm below the d a c e  to 25 cm above bottom. 

Currents were measured with the ADCP along transects 68,10B, 120, and 148 on several 
occasions. A series of ADCP runs, 2per day, were conducted along bmse& 10@and 120 from 
June 3-5.1998. Similarly, a series ofADCP runs (every 8-10 kms) rnade along transects 
100 and 148 h m  July 2MOp 1998. I3ydro8ntphY was m d  bytaking C ' h  casts at 5 
stations along each tmnmt within 45 minutes of each ADCP' IWL ' 

All ADCP transect data and assocMted hydrographic data arn eonfaid in the ModMon data 
archive in ASCII text format. 

3.2.4 Water level gauge 

A water level gauge, Coastal Leasing Microwave pressure sensor, was deployed alongside 
navigational marker '1AC' in mughly 4 m water depth (Figure 3.2). Pressure and temperature 
were measured at 1 Hz for 5 minutes every 30 minutes. Each 5-minute sample burst was 
averaged to a 5-minute mean to remove high frequency surface gravity waves. 

The water level gauge was deployed on July 2,1998, and continues to be maintained. This 
instrument was deployed specifically to provide a downstream boundary condition for the 
modeling effort. The data fbm July 2 - October 2,1998, are contained in the ModMon data 
archive in ASCII text format. 

3.2.5 Metwrological data 

Meterological data collected by the Cherry Point Marine Corps Air Station were obtained &om 
the State Climatological Office. Data eom this location are convenient for our study because of 
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its central location and proximity to the NRE. This data consists of hourly values of wind speed 
and direction, sky conditions, air tdpihture, relative humidity and barometric pressure. For 
completeness this data has been included in the ModMon data archive in ASCII text format. 

3.3 Results 

3.3.1 Mid-river hydrography 

The mid-river CTDDO data provide along-channel snapshots of the hydrography of the NRE. 
These measurements yield a nearly synoptic view of the location of the salt-wedge, the strength 
of stratification and dissolved oxygen levels down the length of the estuary. This information is 
critical for verifying density and dissolved oxygen conditions computed by process based models 
in the estuary. The full set of data h m  these weekly sampling trips are contained in the 

: ModMon data archive as are contour plots of temperature, salinity, density and dissolved 
oxygen. 

The data show considerable variability between weekly measurements in both the location and 
' degree of stratification of the salt-wedge and associated dissolved oxygen levels. Despite the 
, temporal and spatial variability, several generalizations can be made: (1) the terminus of the salt- 
, wedge can reach as far upriver as New Bern but often ranges between stations 68 and 120; (2) 

- ' salinity differences between the surface and the bottom (within the salt-wedge) increase during -9 
+jperiods of calm and moderate winds blowing toward the northeast; (3) stratification tends to 

break down during periods of winds blowing toward the southwest; and (4) the percent saturation 
2 of dissolved oxygen often diminishes to near anoxic conditions along the bottom when the water 
column is stratified and water t e m p h  is warm. 

Figures 3.3 and 3.4 show examples of the mid-river hydrography. Figure 3.3 shows the terminus 
of the salt-wedge extending upriver nearly to New Bern. As is typically the case, density 
(reported as sigma T) corresponds closely to salinity while temperature contributes little. Winds 
were light toward the northeast for 2-3 days prior to this sampling trip (i.e., see Figure 3.15). 

-The warm water temperature (exceeding 25' Celsius) suggests high rates of oxygen consumption 
'by the benthos and during this period, near-bottom waters were nearly anoxic below the salt- 
; wedge. Conversely, Figure 3.4 shows aperiod when winds were toward the southwest for 1-2 

days prior to the sampling trip (see Figure 3.14). The water column was not stratified and 
dissolved oxygen levels were near saturation. 

3.3.2 Wind, currents, and water level 

Measurements from the Minnesott Beach current meter mooring are presented as monthly time 
series plots in Figures 3.5-3.16. These plots show wind veloci6, w a k  level (as m e a d  h m  
the fixed near-bottom S4 instrument), and near-surface and near-bottom currents and salinity. 
Observations were collected &om 12 of the 14 months spanning August 1997 through sept&ber 
1998. Currents were rotated to along-chamel and across-channel components. The shoreline 
orientation and regional contours near the S4 mooring closely matched the direction of the upper 
region of the NRE where the principle axis is roughly NW-SE or 300-120 degrees. An analysis 
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. Figure 3.5 Time series h m  the long term S4 mooring near Minnesott Beach during August 
1997 showing wind velocity, water level, near-dace and near-bottom cunrents rotated into an 
along-channel and across-channel coordinate system, and near-surface and near-bottom salinity. 
Time is referenced to a starting time of 8/1/97 1330 GMT. 
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Figure 3.6 Time series fiom the long term S4 mooring near Minnesott Beach during September 
1997 showing wind velocity, water level, near-surface and near-bottom currents rotated into an 
along-channel and across-chamel coordinate system, and near-surface and near-bottom salinity. 
Time is referenced to a starting time of 8/1/97 1330 GMT. 
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Figure 3.7 Time series from the long term S4 mooring near Minnesott Beach during October 
1997 showing wind velocity, water level, near-surface and near-bottom currents rotated into an 
along-channel and across-channel coordinate system, and near-surface and near-bottom 
salinity. Time is referenced to a starting time of 8/1/97 1330 GMT. 
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Figure 3.9 Time series fiom the long tenn S4 mooring near Mirmesott Beach during December 
1997 showing wind velocity, water level, near-surface and near-bottom currats rotated into gn 
along-channel and across-charmel coordinate system, and near-surface and near-bottom salinity. 
Time is referenced to a starting time of 8/1/97 1330 GMT. 
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Figure 3.1 1 Time series h m  the long term S4 mooring near Minnesott Beach during February 
1998 showing wind velocity, water level, near-surface and near-bottom c m t s  rotated into an 
along-channel and across-channel coordinate system, and near-surface and near-bottom salinity. 
Time is referenced to a starting time of 8/1/97 1330 G W .  
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Figure 3.13 Time series &om the long term S4 mooring near Minnesott Beach during June 1998 
showing wind velocity, water level, near-surface and near-bottom currents rotated into m along- 
channel and across-channel coordinate system, and near-surface a d  near-bottom salinity. Time 
is referenced to a starting time of 8/1/97 1330 GMT. 

- .  

2 0 



.. 
. - 

, . 

Wind 

Water level 
I I I 1 I I 

4 5  - ..................................... . ............................................................. 
3 I I I I , 8 I 

Rotated near-surface currents 

20 

0 0 - 
-20 

Rotated near-bottom cumnts 
20- ......... ! ............. l ,&,stream.. ;. ..... - . . 

. . . . --* . . , - . . 
-20- ............................................................................... 

I I I I I I 

Near-surface salinity 
15 I 1 I I I I . 
10 - ................................................................................................... 

n I I , I I 0 I " 
Nea-boltom salinity 

15 1 8 I I I I I 

3 - 
0 I I I I I I I 

81 00 8200 8300 8400 8500 8600 8700 
Time (ref. hour) 

Figure 3.14 Time series fitom the long term S4 mooring near Minnesott Beach during July 1998 
showing wind velocity, water level, near-surface and near-bottom c m t s  rotated into an along- 
chrmnel and across-chamel coordinite system, and near-p%e and near-bottom salinity. Time 
is referenced to a starting time of 8/1/97 1330 GMT. 
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of the power spectra of currents rotated at 5 degree intervals revealed that currents rotated to 
match this shoreline orientation had the most overaIl strength and therefore this was taken as the 
along stream direction. 

Visual inspection of these time series indicates apparent periodicity in the signals. To elucidate 
this further, power spectra of wind, water level, water vehity and salinity are presented for two 
10 week periods, one during the winter @kcember 1997 - Februaty 1998) and one during the 
summer (July - September 1998), inFigures 3.17 and 3.18. 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 fkquency and thus serves as a basic tool for diagnosing periodicity in 
the timeseries. Considerable M e r  detail on this method can be found in standard data analysis 
texts, (e.g., Bendat and Piersol, 1986; Emery and Thomson, 1997). 

The wind spectra were computed after rotating the wind velocity into along and across channel 
components where the along channel component is directed along the axis of the NRE below 
Cherry Point (40 degrees clockwise &om North). The wind suectra are dominated bv low 
f i e q ~ & ~  en&gy (Gperiods of about 2 days anh presumably&ociated with weathk systems) 
with the along channel component being closely aligned with the prevailing wind direction and 
therefore generally containing more energy than the across channel component. The along and 
across channel wind spectra from the summer period show enhanced energy at 24 hours, 
presumably due to the sea breeze phenomenon. 

Water level power spectra are also dominated by low frequency energy, although in both data 
sets small peaks occur at 24 hours. Interestingly, the winter peak is better defined than the 
mmmerp&c. There is no indication in eitherdata set of si&cant water level energy at the Mz 
semi-diumal tidal fkquency (12.41 hr period) which dominates the tide in the coastal ocean nor 
at any of the other primary semi-diumal or diurnal astronomical tidal fiequencies. 

Surface and bottom salinity during both time periods also show energy primarily at low 
fiequencies with minimal signal at diurnal fkquencies and higher. 

The current velocity spectra were computed using the current velocities rotated into along and 
across channel components as described above. Power spectra of cunent velocity differ from 
those for the wind. water level and salinitv in that the energv is much more evenlv distributed 
across the frequency spectrum. A cons&t peak exists a& hours and elevatedenergy also 
seems to exist at periods &m 10 - 15 hours in the along channel component in both the winter 
and summer data sets. 

The time series plots suggest that sustained winds blowing toward the noaheast force a set-down 
of water level while winds blowinn toward the southwest drive an increase in water level. 
Coherence between the along-&&el wind and water level is quite strong in both the winter and 
summer data sets at low frequencies with aphase lag of approximately 20 degrees or 3.5 hours at 
a frequency of 0.2 (period of about 2 days), Figures 3.19 and 3.20. Coherence is not significant 
in either data set at24 hours (fiquency - 0.04) suggesting that the wata level response at this 
fiquency may not be directly wind driven, but perhaps due to a resonant mode in t h e m -  
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Figure 3.17 Power spectra and 95% confidence intervals for wind, water level, salinity and water 
velocity from a 10-week winterpeiiod (December 1997-February 1998). Wind data is the 
Cherry Point MACS and all other variables are from the long term S4 mooring near Minnesott Beach. 
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Figure 3.18 Power spectra and 95% confidence intervals for wind, water level, s&ty and water 
velocity from a 10-week summer period (July - September 1998). Wind data is from the Cherry Point 
MACS and all other variables are &om the long term S4 mooring near Miesott Beach. 
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. . 
During the summer data set, water level and don 
95% sigdlcance level) h m  approximately 20 - 

ut this is not true in the winter data set. At higher fiequencies, 
wind show significant coherence at isolated frequencies, b 

During both data sets, along-channel near-surface currents are coherent with w 
7 hours (fiequencies 0.02 - 0.14), Figures 3.19 and 3.20. The 

eve1 by approximately 90 degrees suggesting that these motions 
g waves. Near-surface and near-bottom currents are coherent 

range with near-bottom currents leading near-surface currents 
9,3.20). This phase difference suggests the possibility 
between the upper and lower water column with bottom 
er water column. 

3.3.3 Aeross-chmvKIjlow and hydrography 

CTD casts performed along shore to shore transects give insight into the spatial variabiliit;; that 
exists across the estuarv. The meaamments made during 1997 showed clear evidence o f l ~  
Wng of density surfacks and oxygen levels. For examp; ~igure  3.21 indicates upwellhe; of  
hiher saliaitv, low o m e n  bottom water along the northern shore and domwe1W of $u&w 
G e r  along the south& shore at tcamect 100.-  ow ever, it was often di3icult to & the 
physical cause of these observations due to what we hypothesized was a relatively short crass- 
river response time (hours) compared to our sampling interval (weekly). Thenfore, du&g the 
1998 field season, two high fnq~eecy sampling programs wen conducted to attempt to wture 
some of the shorter timescale variab* m the systah. 

Results h m  the first high freauency observational program are presented in Figma 3.22-3.24. - - 
This sampling was dontduring a p&od when the estuary appea;ed to be strody izlflmced by 
veriodic bmtrovic flow, F i m  3.13. The alom-chamel flm (Figure 3.22) is dcltively . - 
&nsistent across the estuary although local vel&ity maxima and & h a  ci&rly txirrt. Tbe 
along chanuel flow changes from upstream to downstream to estuarhK (upstream at the bottom 
and downstmm at the surfact) to t o y  upstream over the course of 2 days. The final upsban 
push may be due to relatively mtaimd winds blowing toward the south that developed near the 
end of the survey (Figure 3.13). The stn,ngest across-channel velocities (Figure 3.23) were - 

recorded during the initial transect and indicate a relatively strong (-14 d s )  flow toward the 
northern shore in the mid-water oghtrrm ivith weaker flow toward the southern shore very near 
the bottom and surfaoe. During the second and third transecfs, the near surfaoe flow was weak 
butprimarilytawardthenorthd'shors~ethebottomflow~tdthe8o~shore. Jh 
the final two transects. the sudke flaw htched to southerlv while the flow in the lcWm water 
co~unm was mostly tokard the north The southward blo& wind prermmab~y drove the 
southward surface flow and c o m p ~  northward bottom flow duiing the final transects. 

The hydrography (Figure 3.24) indicates that the water column is stratified and anoxic in the 
lower layer despite the fact that the flow is mostly unidirectional along-chauuel. Initially, &there 
is clear evidence of upwelling along the northern shore, although the across-channel velocities 
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Figure 3.21 Physical properties wivs8 the Weuse River Estuary measured on July 29,1997. 
The orientation is looking downriver from New Bern and the m s s  channel distance is 
lqeqmd from the northern shore. 
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Figure 3.22 Along-chnnd velhty component during high fresuc~lcy sampling program st 
Transect 100 in June 1998. 
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Figure 3.23 Across-channel velocity component during high frequency sampling program at 
, Transect 100 in June 1998. 
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Pigure 3.24 Water column hydrography during high frrquency sampling prom at Tnuwxt 
100 in June 1998. 





suggest that the water below the pycnocline has actually begun moving toward the south. This 
southward flowing bottom water initially levels the density surfaces (second transect) and then 
causes weak upwelling along the southern shore (third transect). During the h a l  two transects, 
weak upwelling again appears to occur on the northern shore, consistent with the northerly 
across-channel, near bottom currents. 

Results fkom the second high fkequency observational program are presented in Figures 3.25- 
3.27. This sampling was done during aperiod when the river appeared to be characterized by 
estuarine circulation, Figure 3.14. The along-channel flows at transect 100 (Figure 3.25) also 
indicate estuarine flow, although significant variation in flow direction exists across channel as 
well as vertically within the water column. A possible pattern is suggested in which upstream 
flow is focused toward the southern shore and downstream flow is focused toward the northern 
shore. The across-channel flow is initially toward the southern shore near the surface and toward 
the northern shore near the bottom (Figure 3.26). The corresponding hydrography (Figure 3.27) 
shows strong upwelling along the northern shore. The winds around the time of this transect 
were light (5-10 kts) and toward the southwest throughout the moming. Within 5 hours they had 
changed and were blowing strongly (15-20 Ms) toward the northeast. By the second transect, the 

"' across-channel velocities were reversed from the first transect and were flowing toward the 
northern shore near the surface and strongly towards the southern shore near the bottom. The 
hydrography indicates that the density surfaces responded quickly to the across channel flow 
with upwelling occuning along the southern shore. The across-channel flow weakened 
considerably during the third and fourth transects while the density surfaces suggest upwelling 
continued aiong the southern shore. 

3.4 Discussion 

3.4.1 Forcing mechanisms of the NRE : 
The forcings that may drive circulation in the NRE can be divided into 3 general categories: (1) 
long period winds, (2) astronomical tides, and (3) short period (diurnal frequency and higher) 
wind forcing and seiching within the NRE basin and Pamlico Sound. 

Our data indicate that long period winds, oriented either southwest or northeast, have the greatest 
. - influence on water level and salinity values in the NRE. This is supported by the power spectra - - of water level, salinity, and along-channel winds (Figures 3.17 and 3.18) where most of the 
' energy is found in a similar low fbquency band and by the high coherence between along- 

channel winds and water level at these frequencies (Figure 3.18 and 3.19). Furthermore, the 
" greatest range in water level amplitude can be seen in the time series over these 2-4 day periods 

in which the winds are sustained from either the southwest or northeast. An example of this long 
period fluctuation in water level can be seen in Figure 3.28 which shows a time series h m  
Dec.18-Jan.8,1998 (note hours 3400-3450; 3600-3700). 

Fluctuations around a semi-diurnal period have been noted in the time series of previous studies 
(Robbins and Bales, 1995). Although the driving mechanism of this semi-diurnal energy is not 
well understood, there is general 
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Figure 3.27 Water column hydrography during high frequency sampling program at Transect 
100 in July 1998. 





S2, N2, M4, M6). A tk. meter mean has been dded to the tidal s igd  for plotting 
convenience. 
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Figure 3.29 Comparison of raw water level signal with detided a@ high-pass filtered signal, 
measured at tho Mirmesott Bea& S4 mooring. The mean of the raw water level has been 



In partially-mixed estuaries, estuarine citdulation is typicdy driven by fluvial discharge. The 
&&water disoharge flWs seaward along the &e and mixes with the more saline waters of 
the ocean. This e&hment  of saline &ter forces a replacement or upriver k t e d  flow of 
more saline waters along the bottom. The peculiarity of the shoreline orientation along the 
Lower NRE appears to influence estuarine flow down the length of much of the NRE. The 
Lower Neuse, Minnesott Beach to the mouth, is oriented southwest to northeast such that winds 
blowing toward the northeast act in much the same way as high fluvial discharge. These winds 
force the surface waters seaward, which in turn enhances entrainment and the *stream flow of 
near bottom saline water h m  Pamliw Sound. This can be seen throughout the low ikquency 
time series. Figure 3.30 shows a time series of wind, water level, mrrface and bottom currents, 
and salinity. Periods of estuarine flow can be seen during how 20-80 and 300-420 when winds 
blowing toward the northeast were sustained. Winds blowing toward the southwest will inhibit 
this egtuerine circulation and depending on their strength can cause antiriverine (upstream 
h u g h  the entire water cohrmn, e.g., hours 550 - 590) or antiestuarine (upstream at the surface 

j and downstream at the bottom, e.g., hours 430-450). 

The low-ikquency velocity record also reveals a correlation between flow type and 
hydrography. The August 1997 time series exemplifies this relationship where we see increased 
stratification at the mooring during periods of estuarine flow (e.g., hours 20-80 and 260-420) and 
a breakdown in stratification during riverine (downstream through the entire water column) or 
antiriverine flows (e.g., hours 90-1 10 and 440-470). 

An evaluation of flow types (e.g. estuarine or riverine), relative to the along-chamel component, 
was made from the entire time seriesmllected at the long term S4 mooring near Minnesott 
Beach. Although this evaluation is &ted because it refTects only two m&ement depths, it 
nonetheless gives some sense of vertical structure and circulation patterns in that location for a 
lengthy timeperiod. Current velocities were low-passed filtered 00 hr) to remove seiches and 
other higher tkquency flows for the purpose of determining the relative occurrence of estmrine 
flow versus other circulation types. Estuanhe flow was rewrded 50% of the time, followed by 
riverine at 38%, and antiestuarine and autiriverine at 5% and 7%, respectively. 

3.4.3 Across-channelfl~w and hydrography 

The comb'ied ADCP and 0 m c y s  conducted in June and July of 1998 convincingly 
document the rapid (less than 6 hour) cross-river sloshing and accompanyinsmar shore 
upwelling that can occur in the p d o n  of the NRE between Cherry Point snd New Bern. It is 
noteworthy that due to the near 90 degree bend in the NRE near Cherry Point, the prevailing NE- 
SW winds are oriented nearly across &amel upstream of Cherry Point. Thus the same winds 
that are responsiile for driving the majority of the longitudinal circulation are also oriented to 
drive cross-channel flow upstream of Ciky point. In this case winds blowing toward the 
southwest are expected to cause upwelling on the northern shore and winds blowing toward the 





' long term mooring near Minnesott Beach while the other tbree moorings were deployed by 
researchers h m  North Carolina State University (Sweet and Hopkins, 1999). We used data 
from these four locations to compute salinity differences across transects 100 and 120. (A 
positive difference means that near-bottom water is more saline at the northern shoreline.) 
Figure 3.3 1 shows the salinity differences across transect 100 and the across-channel velocity 
component from the current meter closer to the northern shore on this transect. (Flows directed 
toward the northern shore are expmed as positive velocities.) This time series indicates a close 
coupling between near bottom across-channel flow and displacement of the more saline bottom 
water. Sustained periods of positive aad negative differences in saliuity are quite apparent, 
suggesting typical across-channel sloshing occurs with periods on the order of 1-3 days. 

A comparison of salinity differences across transects 100 and 120 is shown in Figure 3.32 
together with wind velocities and the across-channel velocity component from the northem most 
current meter on each transect. Salinity differences across transects 100 and 120 suggest that the 
motion of bottom water from shore to shore may not always be coherent between sites. 
Throughout much of the 2 week time series, the more saline bottom water appears to be 
displaced toward the southem shorenear transect 100 (panel 5) and toward the northern 
shoreline around transect 120 (panel 3). The winds, throughout this time period, were 
predominantly blowing toward the northeast and are consistent with the southerly near bottom 

unclear why near-bottom cments along this transect were towards the north during much of this 
time. Presumably the response at transect 120 is complicated by the bend in the NRE that occurs 

., 

3.4.4 Conditions surrounding July 1998fish kill 

The largest fish kill in the NRE during 1998 occmed between July 25 and July 27,1998. An 
estimated 188,000 dead menhaden were found on the morning of July 27,1998, floating in 
surface waters from shore to shore as far upriver as Fisher Landing Point and down to Hancock 
Creek (personal communication, North ~ak l ina  ~ivision of W& Quality, Neuse River Rapid 1 Response Team) Conditions measured at the long term S4 mooring near Minnesott Beach for 
several days surrounding the kill are shown &Figure 3.33. The other three near-bottom 
current meters that bracketed the fish kill region were unfortunately removed 2 days prior to the 

Winds blowing toward the northeast predominated for almost 10 days preceding the kill and the - . 
water column at Minnesott Beach was stratified during much of this time (Figure 3.14). The 
time series shown in Figure 3.33 begins at 17:30 local (EDST) time on July 25,1998. Winds 

ward the northeast and the water column remained stratified h m  hours 8600-8618. 
time period, flows were either riverine or estuarine. The wind switched dramatically 

t hour 8618, blowing at over 20 kts toward the southwest. The water level and currents 
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Figure 3.31 Salinity differences across bransect 100 and acrosschannel velocities 
measured near-bottom h m  the northern end of transect 100. Positive salinity differences 
indicate higher salinity closer to the northern shore and positive velocities indicate flow 
toward the northern shore. 



: Figure 3.32: W t y  d i E i  h q a  trans& 100 and 120, wind velocities and the 
across-channel velocity from the norikn most d t  meters on each tmmect line. 
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responded almost immediately as near-bottom velocity strengthened in the upstream and 
northerly across-channel directions and surface velocity rotated to a similar direction. This 
upstre& and northerly moving pulse of water was accompanied by a water level rise of 
approximately 0.5 meters. The near surface salinity increased rapidly until it approximately 
equaled the preceding near bottom values, suggesting that upwelling had occurred at this location 
and perhaps along a larger area of the northern shore. 

conservative mixing since surface and bottom values approached an average value (e.g., at 
marker 11 surface values went h m  roughly 2 to 5 ppt and bottom values went from 9 to 5 ppt.) 
These differences, although subtle, suggest that the strong wind event on July 26 may have 
caused a period of upwelling in the lee of the northern shore while mixing waters downwind 
nearer the southern shore. 

water column with low oxygen water and displace the oxygenated surface water toward the 
middle of the channel. The small fetch near the lee shore would provide little energy for mixing 
oxygenated surface water with anoxic bottom water. This is in contrast to conditions toward 
mid-channel and the downwind shore where sufficient fetch may exist to provide mixing energy 
to homogenize the water column. Unfortunately, no dissolved oxygen measurements are 
available ftom the northern shoreline during the time leading up to the fish kill to verify this 
hwothesis. We note that waters movinn across channel at a modest 10 cmls would move 

Salinity measurements from USGS continuous monitoring stations at marker 11 (station 80, 
Figure 3.1), and marker 9 (station 120, Figure 3.1), which are both on the southern side of the 
main NRE channel. also showed sustained stratification urior to the 26". and a ueriod of 
unstratified conditions during the late afternoon of the 2@ (USGS, 1998). In cbntrast to our 
observations near Miunesott Beach, the salinity records at these locations are indicative of 

Since the water column had been stratified for davs vrior to this event. it is vrobable that 
dissolved oxygen levels were significantly depressed in the near-bottom wGers. The USGS 
continuous monitor. in fact. measured near-anoxic levels f<lmd)  near the bottom at marker 11 
ftom the 24* through late afternoon of the 26* (U.S. ~eoiogicay survey, 1998) after which it 
measured elevated levels. 

Thus, these data support the hypothesis that the southwesterly directed winds caused upwelling 
of anoxic waters near the northern shore. Upwelling along the lee shore could rapidly fill the 

r&hly 1 Ian every 3 hours and therefoie fish could be transported across this portion of the 
NRE in halfa day or less. 

Of the 5 reported fish kills in the NRE during 1998,4 occurred in the section of the NRE 
upstream of Cherry Point. In 1995, one of the worse recorded years of fish mortality in the NRE, 
all 9 kills were discovered in this region (personal communication, N.C. Division of water 
Quality, Neuse River Rapid Response Team). The predominance of fish kills where the 
shoreline is oriented NW-SE and the principal winds blow across channel, further suggests that 
fish mortality may be related to anoxic bottom waters upwelling along the lee shoreline and 
occasionally trapping schools of fish in the upwelling areas. Thus a combination of physical 
factors may make this reach of the NRE a region of chronic fish kills. Periods of high fteshwater 
discharge, calm winds or whds blowing toward the northeast lead to the strengthening of 
stratification and the extension of the salt-wedge to the region upstream of Cherry Point. These 
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hours and thus seems capable of trapping fish in these 



James L. Pinckney 
Tammi L. Richardson 
Hans W. Paerl 

In eutrophying ecosystems, phytoplankton carbon loading, especially following bloom events, 
can produce large-scale bottom water anoxia. Benthic microbial degradation of deposited 
phytoplankton results in a high oxygm danand that depletcg overlying waters of dissolved 
oxygen. In the NRE, long residence times, low flushing rates, and periodic vertical stratification 
rgtpqtg ~ o x i J a n o x i c  con&~$b@pn  persist for wee41 nudeover ateas(Bserletal. f 98). Nan-motile (sessile) fauua rye unable to escape these conditions and subseqwently large 

' 

of the benthos are subjected to periodic defamation events as discussed in section 6 of this 
report. The ecosystem-level troPgc &lications are that a large componenf of the estuarine food 
web m y  be negatively impacted or removed, altering both the structure and function of the 
system until benthic and nektonic commueities are reestablished. In addition, these conditions 
overlap with fish nurseryhfuge habitats and therefore may cause stress or direct mortality of 
fisheries stocks. Anoxia/hypoxia also has direct impact on biogeochemical cycling processes in 
affected habitats. 

Nitrogen inputs from riverhe, groundwatert and atmospheric sources intensify hypoxiatanoxia 
potentials by providing significant mounts of diverse forms of N that wpport phytoplankton 
growth, biomass and blooms (Paerl1997). The changing fsce of these 6~) -  influenm both 
standing stock and wmposition of phytoplankton. If, for example, N inputs result in - -  - 
selection for rapidly-pr&ferating and accumulating dinoflag&e, c-momonad, and 
cyanobacterial nuisance blooms which are not effectively mazed (Paerl1995l residual labile 
&n will be available for fueling hypoxidanoxia, alt& bm&c r e g d o n ,  nutrient 
cycling and ultimate1y, shaping the temporal and spatial magnitudes of estuarine production 
(Pinckqey et al. 1998). 

of b ~ t h  mte and,olnolLic 

. 'Ehw om ~ ~ l l t t h t i o n  to 
the ModMon program has been designed to provide basic monitoring data to  nu^ calibrate and - - 
verify present generation water qnaI&~w&~ of the NRE 4 to,prOvide supp~&cntary data 
needed to develop next meration wata aualitvmodels that incormrate the effects of the 
concentration and foip rm&& (specifica~~~ ~3 on p h y t o p ~  c~nmunity 
structure. Ideally, this effort sihauldbr;ve included the effects of top down (e.g., zooplmkton 
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grazing) as well as bottom up control (e.g., nutrient limitation) on the phytoplankton community. 
Unfortunately, top down control was not investigated in this study due to a lack of local expertise 
and budgetary constraints. 

Ultimately, the predictability of the spatial and temporal variability of dissolved oxygen in 
dynamic estuarine environments depends on the ability of the water quality model to accurately 
assess the collective responses of many different ecosystem components. A mechanistic 
(process-based) understanding of water column nutriedphytoplankton community dynamics is a 
critical part of this effort. 

4.2 Materials and Methods 

The water quality monitoring component of MODMON was a cooperative effort that involved 
the active participation of the UNC Institute of Marine Sciences (lMS), NC Division of Water 
Quality (DWQ and the Neuse Rapid Response Team), and the Weyerhaeuser Corporation. IMS 
personnel sampled the river at biweekly intervals and DWQ and Weyerhaeuser collected data 
during alternating weeks. Where possible, all available data at the time of this report (December 
1998) have been included. However, analyses of some biological and nutrient data are still in 

4.2.1 Weekly Sampling 

Physicallchemical properties of the water column were sampled weekly at mid-river stations by 
UNC-IMS, Weyerhaeuser, and NC Division of Water Quality personnel &om June 1997 through 
December 1998. Observations were made h m  near-surface to near-bottom at mid-river 
locations from Streets Ferry bridge to the mouth of the NRE (Figure 3.1). This sampling 
extended in time and nearly doubled in space an ongoing biweekly to weekly sampling program 
that had been in place since 1994. Vertical profiles of conductivity, salinity, temperature, 
dissolved oxygen, and pH at 0.5 m intervals in the water column were bbtained with a Hydrolab 
H20 datasonde probe coupled to 8 Surveyor 3 datalogger. The dataso& 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 column was 
determined using a 4z quantum sensor (Li-Cor 192SA). At 11 sites, (stations 0,10,20,30,50, 
60,70, 100,120, 140,160, Figure 3.1) water samples were collected near the water s e e  (0.5 
m depth) and at depth (0.5 m h m  the bottom), transferred to acid-cleaned 20 L days, and 
kept cool and shaded during transport to the laboratory. Subsamples for nutrient, phofopigment, 
and primary productivity analyses were removed &om bulk water samples &thin 3 h of 
collection. When noticeable blooms werc encountered, subsamples were examined qualitatively 
by microscopy to determine dominant phytoplankton taxa. 

4.2.2 Numktts and Partimlates 

Water samples (50 - 100 d) were filtered through pre-wmbusted (500°C, 16 h) 25 mm 
Whatman GFF glass-fiber filters before chemical analyses. Nitrite + nitrate (NOz + N a J ,  
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ammonium (NH43, and dissolved inorganic phosphate ~ 0 4 ~ 3  we; quantified in thk fitrate with 
a Lachat AutoAnalyzer (Quikchem 8060) uskg stmdard protocols and calibration procedures 
(Lachat Quikchem methods 31-107-04-1-C, 31-107-06-1-A, 3 1-1 15-01-3-C, respectively). 
Particulate organic carbon and nitrogen retained by the filters was determined by CHN A y s i s  
(Perkin-Elmer model 2400 series I1 CHN analyzer). 

4.2.3 Phytoplankton Photopigments 

Phytoplankton photopigments (chlorophylls and carotenoids) were determined to provide 
measures of the relative abundance of different algal groups. Photopigments were identified and 
quantified using high performance liquid chromatography (I-PLC) (Millie et al. 1993, Tester et 
al. 1995, JeRrey et al. 1997). Aliquots (0.3 to 1 L) of surface and bottom water were filtered 
under a gentle vacuum (GO Ha) onto 4.7 cm dia glass fiber filters (Whatman GF/F), 
immediately frozen, and stored at -80 "C. Frozen filters were placed in 100% acetone (3 mL), 
sonicated, and extracted at -20 "C for 12 - 20 h. Filtered extracts (200 pL) were injected into a 
Spectra-Physics HPLC equipped with a single monomeric (Rainin Microsorb-MV, 0.46 x 10 cm, 
3 mm) and two polymeric (Vydac 201TP, 0.46 x 25 cm, 5 mm) reverse-phase C18 columns in 
series. This column configuration was devised to enhance the separation of photopigments and 
pigment degradation products. Monomeric columns provide strong retention and high efficiency, 
while polymeric columns select for similar compounds with minor differences in molecular 
structure and shape (Van Heukelem et al1994, Jeffrey et al. 1997). A nonlinear binary gradient, - .  
adapted from Van Heukelem et al. (1994), was used ;or pigment &~arations (for detaiisysee 
Pinchev et al. 1996). Solvent A consisted of 80% methanok20% ammonium acetate (0.5 M 
adjustGto p~ 7.2) Ad solvent B was composed of 80% methanol:20% acetone. ~bsdr~ t ion  
spectra and chromatograms (440 nm) were acquired using a Shirnadzu SPD-MlOav photodiode 
array detector. Pigment peaks were identified by comparison of retention times and absorption 
spectra with pure crystalline standards, including chlorophylls a&-carotene (Sigma Chemical 
Company), hxanthin,  and zeaxanthin (Hofkan-LaRoche and Company). Other pigments 
were identified by comparison to extracts h m  phytoplankton cultures (Wright et al. 1991) and 
quantified using the appropriate extinction coefficients (Mantoura and Llewellyn 1983, Rowan 
1989, JefEey et al. 1997). 

4.2.4 Phytoplankton Productivity 

Phytoplankton productivity incubations were conducted in an outdoor, flow-through seawater 
pond under ambient irradiance and temperature conditions. A field light simulator (described in 
Mallin and Paerl1992) was used to mimic the variable ambient light regime (5-90% surface 
irradiance) associated with vertical mixing. Surface water samples (ca 165 mL) were injected 
with N ~ H ' ~ C O ~  (1 85 to 260 lrBq mL-' final concentration) and incubated in racks beneath the 
simulator. Paired light and dark incubations of 3 to 4 h (centered around local noon) were 
completed for each of the 11 stations. After incubation, phytoplankton were filtered onto GF/F 
filters, air dried, and fumed with concentrated HCl to remove unincorporated I4c. Filters were 
then placed in vials containing scintillation cocktail (Ealume, ICN, Inc.) and the counts per 
minute (CPM) enumerated with a Beckman model LS5000TD liquid scintillation counter. CPM 
were converted to disintegrations per minute @PM) using quench curves constructed fiom a 
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calibrated '4~-toluene standard. Dissolved inorganic carbon in water samples was determined by 
infrared gas analysis (Li-Cor C q  analyzer). 

4.3 Results 

Since the primary objective of this component of MODMON was to provide comprehensive 
monitoring data in support of the modeling efforts, extensive statistical analyses and hypothesis 
testing were not undertaken for this report. The data have been assimilated into databases 
necessary for the modeling efforts that are included in the MODMON data archive. 

Spatio-temporal contour plots of some of the major parameters provide a concise summary and 
convenient visualization of the water quality data. The data collected during this project were 
combined with historical water quality measurements obtained by IMS, DWQ, and 
Weyerhaeuser since 1 January 1994 to construct spatio-temporal contour plots for several 
physical, chemical, and biological parameters. The combination of data sets provides a 
continuous record of nearly 5 years for the segment of the lower Neuse River Estuary h m  

Distance Downstream from 
Streets Ferry Bridge 

Figure 4.1 Distance downstream h m  Streets Feny used as a spatial reference in contour 
plots. 
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Streets Ferry to Cheny Point and a shorter duration r e d  all the way to the mouth. Atl contour 
plots are oriented with reference to distance downstream fkom Streets Ferry Bridge (Figure 4.1) 
and sampling date. 

4.3.1 Dissolved Inorganic Nutrients 

Nitrate (NO3] +nitrite (NOz] concentrations were consistently higher in the riverine (0 - 10 km) 
portion of the study area and uently exceeded 600 pg N liter-' (43 pM N) (Fig. 4.2). High 9 concentrations (> 200 pg N liter ,14 pM N) of N03=f-N0; extended into the lower Neuse (30 - 
80 km) in winter and spring. During the summer months, NO;+NW concentrations were less 
than 200 pg N liter" in the lower reaches of the estuaryt The distributions of NG-+NOi 
concentrations were similar in both surface and bottom waters, with a trend toward higher 
concentrations in the surface waters. Ammonium (NH43 concentrations were generally higher in 
the late summer and early fall, reaching values in excess of 200 pg N literter' (14 @f N) at some 
locations (Fig. 4.3). Bottom waterN&+ concentrations were generally higher than surface 
values. The after-effects of Hunicanes Bertha and Fran in August-September 1996 are reflected 
in the high concentrations of m+ (> 300 pg N liter-', 21 pM N) in both surface and bottom 
waters. In addition, the spatio-temporal distribution of m+ concentrations appears to be 
correlated with periodic bottom water oxygen depletion during the summer months (see also Fig. 
4.6). Phosphate ~ 0 4 ~ 3  concentrations were lower during winter months (< 40 pg P literer', 1.3 
pM P) and in the surface waters (Fig. 4.4). The highest concentrations of po i3  also overlapped 
with periods of bottom water hypoxidanoxia during summer months. 

4.3.2 Pam'culate Carbon and Nitrogen 

The particulate carbon to nitrogen molar ratios (C:N) were generally less than 10 (Fig. 4.5). 
Higher ratios in January-February and April 1998 were associated with high river discharge. 
Low C:N ratios indicate that the particulate organic matter is nitrogen-enriched and typical of 
living material rather than detritus. 

4.3.3 Dissolved Oxygen 

Periods ofbottom water hypoxia (< 2.0 mg a liter-l,60 pM a )  and anoxia (0.0 mg 9 liter-1) 
w m  wmmon over large areas of the Neuse River during summer and fall months in all 5 years 
(Fig. 4.6). Oxygen depletion rarely extended to the surface but often spanned the lower 1.5 m o 
the water column. Many of the reported fish kills during 1994 - 1998 paralleled persistent 
bottom water anoxia in the 20 - 50 km segment of the estuary. The addition of more sampling 
locations in July 1997 provided higher resolution (both spatially and temporally) contour plots 
that further illustrate the patchy and intennittent oxygen depletion in bottom waters. 

gq .,.. 4.3.4 D&e Attenuation Coefficient lKd) 

The vertical distribution of irradiance (PAR) provides a measure of the amount of light available 
for phytoplaukton and benthic photosynthesis. Higher values of & indicate more light 
attenuation in the water column and less available light for photosynthesis. The highest Kd 



values p 2  m-') developed during late winter and early spring (Fig. 4.7). High river discharge 
following spring rains likely contributed suspended sediments and increased turbidity. During 
summer and fall months, & values typically ranged h m  1 - 2 m-'. The 1% light level usually 
delimits the maximum depth for net photosynthesis. For reference, the depths of the 1% light 
level for & values of l,2,3, and 4 m-I are 4.6,2.3,1.5, and 1.2 m, respectively. Neuse River 
phytoplankton can obtain optimal photosynthetic rates at inadiances as low as 25 pmol quanta 
m'2 i1 or about 2% of the d a c e  irradiance (T. Richardson, 1997, Umversity of North Carolina, 
pers. comm.). 

4.3.5 Phytoplankton Biomass 

The concentration of chlorophyll a (Chl a) was used as an indicator of total phytoplankton 
biomass. Chl a concentrations ranged from 5 to more than 30 mg m-3 during the study period 
(Fig. 4.8). Bloom events were documented over the entire length of the study area, but seemed to 
occur as discrete events with limited areal coverage (i.e., patchy). Although surface 
concentrations of Chl a were generally higher than those in the bottom water, spatio-temporal 
distributions were correlated 

4.3.6 Phytoplankton Primary Productivity 

In 1997 and 1998, the highest rates of primary productivity occurred from July to October (Fig. 
4.9). However, the relative locations of productivity maxima differed between the two years. In 
comparison with 1994-1996, the peak in productivity was located further upstream in 1997. In 
1998, the 15 - 50 km segment experienced a protracted period of sustained high productivity (> 
90 mg C m-3 h-1) £tom August through November. 

4.3.7 Phytoplankton Community Composition 

Accessory photosynthetic pigments (chlorophylls and carotenoids) were used as 
chemotaxonomic markers for measuring the relative abundance of different algal groups. 
Chlorophytes (green algae; chlorophyll b) were more prevalent in 1997 than 1998, usually more 
abundant in the surface water than bottom water, and showed the highest biomass in the 10 - 25 
km segment (Fig. 4.10). Cryptomonads (alloxanthin) exhibited alarge bloom in April 1997 and 
declined to low concentrations in 1998 (Fig. 4.11). From 1994-1996, large winter bloom of - 

dinoflagellates (peridinin) o c c d  regularly (Fig. 4.12). These winter dinoflagellate blooms did 
not occur in 1997 or 1998, vossiblv due to low salinities. One noteworthvevent is a small 
dinoflagellate bloom in l& ~une  i998. Cyanobacteria (blue-- algae; zeaxanthin) blooms 
were wmmon during the summer months (Fig. 4.13). In comparison with 1994 - 1996, the 
spatial and temporal coverage of high cyanobacterial biomass appeared to innease. However, 
the intensity of the blooms was lower. The entire length of the study area experienced high 
cyanobacterial biomass in June -July 1998. Diatom (fucoxanthin) blooms occurred regularly in 
May - July in each of the 5 years in the 10 - 25 km segment (Fig. 4.14). The only winter diatom 
bloom event recorded was in December 1997. 
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5.0 SEDIMENTARY PROCESSES AND BENTHIGPELAGIC COUPLING 

M. J. Alperin 
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D. B. Albert 
J.E. McNinch . ~ 

C. S. Martens 

5.1 Introduction 

In shallow-water systems like the W, the water column and surJicia1 sediments inter& 
continually, excha&ng and redistributing particles and solutes so as to impact the o p t d o n  of 
the entire system Wells and Kim, 1991). The NRE and its receiving brtsin. P d i c o  md, are 
of consid&le interest in this regard s&e they have very limited &change with the adjacent 
Atlantic, yet receive muddy sediments h m  deeply weathered Piedmont soils &the large and 
rapidly expanding urban areas to the west. In addition to inorganic sediment delivered though 
the network of drainage basin tributaries, high levels of organic mattex are supphi by mtmicipal 
wastewater treatment plants, agricultural moff  and instream algal blooms along the 350.km- 
long course of the river. 

Consideration of sediments and sedimantary processes in the NRB is essential in addressing 
water quality issues, and rasearch into these processes is a vital part of any system-wide 
modeling or management effort. However, in contrast to the water, the sedhmmts are often an 
unseen and seemingly passive component in the estuary. Sediment distribution and propaties 
may be slowto change, and their role in water-column events is not always apparent. Yet, 
sediments play a potentially critical role in altering habitat, transporting and sequestering 
pollutants, modulating productivity and releasing nutrients. 

Sadimants are especially important in drainage basins where development is rapid sincG the same 
development pprarsures and basin-wide activities that lead to higher levels of polbmts fl 
almost surdv lead ta increased sediment loads. The well established co~ection between 
tmmport of b e n t s  and tramport &toxic and non-toxic substances that n a m y  paptitien to 
d e n t s  is an hor tan t  reason to intenrate studies of varticulates into studies of 
eutrophiostion, h a k t  loss, agricul~ual~&pct and andkes in the NRE. Furthermore, the 
txshanpre ef   late rial between the bottom and the water column imparts an internal nutr ia  
"stota6 bank" nature to estuarinC: ssdiments and complicates manigement decisions that must 
consider the effects of internal nutrient storage and exchange over time scales of years to , 
decades. 

At the pwent time, our rudimentary lmowledge ofthe origin, composition, size, and dynamics 
of sediments in the NRE is based on an exceedingly smaU numbg of studies conducted mainly - - 
between the mid-1950s and mid-1970s ( ' xi by Wells and Kim, 1989). Much of this - 
previous work was undertaken as graduate thesis research and little has been published in the 
open literature. More recently, Rim et al. (1991) conducted an extensive m e y  afhsmtvy 
metals in the organic-rich muds of the Neuse in an attempt to identify areas of contamination. In 
addition to the heavy metal analyses, their work provided information on sediment grain size and 



composition, and classified the bottom material into broad categories of sand, peat and organic- 
rich mud. Using a combination of new and previously-published data, Wells and Kim (1991) 
hypothesized that theNRE serves as an efficient sediment trap, releasing its bottom sediments to 
Pamlico Sound only during extreme discharge events. 

5.1.1 Nitrogen and Oxygen Cycles 

One of the primary controls on estuarine nitrogen and oxygen cycles involves interactiom 
between the water column and the sediments (e.g., Billen, 1978; Kemp and Boynton, 1992; 
Jmgensen, 1996). These interactions are particularly important in shallow, slow-flowing 
estuaries like the NRE where a large portion of the organic matter produced in the water column 
reaches the sediment surface (Suess, 1980; Nixon, 1981). Although time delays between 
deposition and remineralization allow sediments to retain organic carbon and nitrogen over 
seasonal and annual time scales (Kemp and Boynton, 1992), most detrital organic matter that 
enters the sediment is ultimately remineralized (burial is usually a small component of the 
benthic budget; e.g., Kemp et al., 1990; Jmgensen et al., 1990; Ckktian et al., 1992). 

Remineralization of sedimentary organic matter has two important impacts on water column 
processes. First, organic matter decomposition imposes an O2 demand on the bottom-water due 
to respiration by aerobic organisms and oxidation of reduced compounds produced by anaerobic 
metabolism. Second, sedimentary remineralization produces NI-&+ that either d i f i e s  h m  the 
sediment to the overlying water (providing a limiting nutrient for phytoplankton growth) or is 
converted to NO< by aerobic nitrifying bacteria The production of N a -  is of particular interest 
because it can stimulate denitrification, an anaerobic process whereby NO; is converted to Nz 
and rendered unavailable to most algae. 

5.1.2 Objectives 

The objectives of this study are to: (a) determine the distribution of grain size and the quantity 
and geographic distriiution of sedimentary organic carbon and nitrogen in the bottom sediments 
of the NRE and understand the factors that control these distriiutions; (b) provide a bi-weekly 
time series of suspended sediment concentration in surface and near-bottom waters, of the MRE, 
(c) determine benthic fluxes of 9, NI&+, and NO; and evaluate their importance to nitrogen and 
oxygen cycling in the Neuse river; (d) provide a iirst-order constraint on the "lifetime" of the 
reactive pool of sedimentary organic matter, (e) evaluate the importance of direct groundwater 

- 

flow for nutrient transport into the e m ,  and (f) use stable isotopic tracers to Gxamine the link 
between primary production, suspended detritus, and sedimentary organic matter. SSurficial 
sediments were collected at -185 stations and analyzed for textural propdes, nutrient element 
concentration, and stable isotopic composition. At 8 selected sites, sediment cores were 
collected and sectioned for depth distriiutions of porewater and solid phase parameters. In 
addition, intact sediment cores were collected in stirred benthic chambers and monitored for 0 2  

uptake, NI-&+ release, and NOi exchange. Finally, suspended particulate matter in surface and 
bottom-water was collected at 11 stations and analyzed for suspended sediment concentration. 
On two occasions the suspended particulate matter was further analyzed for elemental and 
isotopic composition. 



Grab samples of the bottom were taken during June and July, 1997, along 16 transects extending 
from just below New Bern to the mouth of the estuary Fig. 5.1). Sample spacing dong each 
transect was 550 m and transects ranged from 2.5-5 km apart. A total of 185 samples was 
collected with the number per transect ranging from 4 to 20. Sediments were collected with a 
modified gravity core device fitted with a 10-cm 0.d. Plexiglas core liner to ensure that the upper 
2 cm of material remained undisturbed and that muds were not "washedn from the samples 
during retrieval. Samples were sectioned on board ship immediately after retrieval. The 
overlying water was drained off by siphon and the sediment was extruded into a 2-cm segment of 
core liner. The sediment segment was sliced from the core with a stainless steel shim, divided 
into two half-cylinders, and transferred into tared, 125-mL Nalgene screw-top jars (for elemental 
and isotopic abundance, porosity, and surface area analyses) or Whirl-paks (for sediment grain 
sue analysis). Samples were stored on ice during transport to the laboratory; sediment in 
Nalgene jars was frozen and then lyophilized. Site locations were established with differential 
GPS and depths were recorded on a F m o  depth sounder. 

easured. The station ID for each coring site is given in the figure. The stars mark the mid- 



Sediment cores were also collected for depth-distributions of porewater and whole-sediment 
parameters at 9 stations along 5 of the latitudinal transects (Fig. 5.1). Triplicate cores fiom Sta. 
S30 were collected by SCUBA divers; all other cores were collected by a gravity corer. The 
cores were kept in a water bath in the dark near in sifu temperature during transport to the 
laboratory. Processing began within 12 h of the time cores were collected. The overlying water 
was drained and sediment was extruded at 3-cm intervals using a core liner segment containing 
two side-by-side ports. Sediment was sampled using cut-off 30-mL syringes (2.4-cm diameter) 
as mini-piston corm. Syringes were pushed -1 cm into the sediment with the piston fully 
inserted to prevent sampling material that may have been smeared along the inside wall of the 
core liner. A Delrin nozzle was used to transfer sediment to precombusted, tared Pyrex 
scintillation vials (whole sediment analyses), 40-mL polypropylene centrifuge tubes (porewater 
analyses), and 20-mL Pyrex serum vials containing 5.0 mL of 1 M NaOH (methane analysis). 
Samples for whole sediment and methane analyses were lyophilized and hzen, respectively. 

Centrifuge tubes were filled to the rim to minimize contact and C02 exchange and spun at 
5000 g for 15 min. The supmatent was pipetted fiom the centrifuge tube using a stainless steel 
needle connected to a 10-mL polypropylene syringe. The porewater was passed through a 
0.45-pm syringe filter (Millipore Millex HY) that had been pre-cleaned by flushing with 40 mL 
of distilled water and purging with air. The first mL of liltrate was discarded Porewater aliquots 
(-5 mL) for nutrient analyses m*, NOitNO;, and ~ 0 4 ~ 1  and DOC were stored fiozen in 
10-mL polypropylene vials. Samples (0.5 mL) for anion analyses (Cl- and ~ 0 4 ~ 3  were purged 
with C02 for -4 min to lower the pH and remove H2S (to avoid sulfate interference from sulfide 
oxidation) and stored at room temperature in 1-mL 0-ring-seal polypropylene vials. Porewater 
for Z C02 analysis was transferred to 5-mL Glass-pak syringes sealed with 3-way stopcocks and 
stored in a re~gerator until analysis ( 4 2  h). 

5.2.2 Bottom-water samples 

In concert with the sediment sampling, a set of bottom water samples was collected, generally 
using a Van Dom bottle that was gently lowered to the sediment, than lifted upward by - 0.5 m. 
The messenger was released after waiting several minutes to allow sediment suspended by the 
sampler to flow down current. At Sta. S30, bottom-water was collected by SCUBA diver. 
Bottom-water samples were stored bzen  in 125-mL polypropylene bottles prior to analyses. 

5.2.3 Suspendedpartieulate matter 

Water samples for determination of suspensate concentration were taken biweekly h m  mid- 
August, 1997, through December, 1998, at 11 stations h m  Streets Feny Bridge (New Bern) to 
Station 160 (between Adams Creek and South River) as part of the mid-river sampling program 
(section 3.2.1). Near surface samples were taken by W g  by hand a 10-L container and near- 
bottom samples (0.5 m above bottom) were taken using a Van Doran bottle; on approximately 
30% of the sampling days the lowermost two stations were not sampled due to rough conditions 
on this open stretch of the river, giving a total for all stations of 700 samples. Water samples 
used in this component of the m&toAg work were subsamples of 10-liter water conta&ers 
returned from the field for nutrient and chlorophyll analyses (section 4). In addition to this bi- 
weekly data, suspended particulates h m  surface and bottom waters were collected at 11 stations 
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filter funnels (Gelman, 25-mm polysulphone, 200-mL capacity) onto pre-weighed (Calm C-30 

5.2.4 Benthieflux measurements 

5.2.5.1 Particle Size Analvsis and Porositv. 

Bottom samples were analyzed for percentages of gravel, sand, silt and clay using standard 
sedimentological techniques (Folk, 1974). Approximately 22 g of sediment was split from each 
of the bulk subsamples (weighing approx. 100 g) that were available for the size analysis work. 

Benthic fluxes were measured in the laboratory using chambers made firom 25-cm long by 14-cm 
diameter PVC tubing capped with a Plexiglas lid (O-ring seal) equipped with inlet and outlet 
ports and magnetic stirring bar (Fig. 5.2). The lower rim of the PVC was beveled to promote 
sediment coring. Cores were collected by diver by gently inserting the beveled end of the core 
barrel -15 cm into the sediment. After excavating the mud around the core tube, the diver sealed 
the chamber by inserting a base plate with a silicone gasket; straps made from mbber tubing 
provided the force to seal the bottom edge of the PVC against the gasket. The flux chambers 
were kept in a water bath during transport to the laboratory in Morehead City. 

In the laboratory, bottom water in the flux chambers was gently aerated overnight to assure that 
0 2  levels were near saturation. The chambers were then sealed and several mL of estuarine water 
from the vicinity of the sampling site was injected to remove any gas bubbles. The chambers 
were stirred at -60 rpm; this rate is snfticient to mix the overlying water but does not cause 
visible re-suspension of the sediment. No attempt was made to match benthic boundary 
conditions inside the chamber to those of the natural environment. 

Samples were collected at regular time intervals by removing 10-mI, of overlying water into two 
5-mL Glass-pak syringes while injecting estuarine water to maintain the volume. Addition of the 
small volume of aerated water had a nealimile effect on the 0 2  concentration. One water sample - - 
was passed through a 0.45-pm syringe filter and stored h z e n  10-mL polypropylene vials fir 
nutrient analysis; the other sample was analyzed immediately for 9. The benthic flux for each 
species was &lc&ated from the change in c&centration with time after measuring the average 
height of overlying water in the chamber. 



--- 
O-ring seal 

Figure 5.2. Stirred chamber for measuring benthic fluxes of 9, N&+, and NO<. 

cylinders with a 10% calgon dispersant solution. Next a separation of gravel from sand was 
made by passing the dry sediment through a 2.0 mm sieve; weights of both components were 
recorded to use in computation of percentages. The muds were then divided int; their silt and 
clay h t i o n s  by making timed pipette withdrawals (based on Stokes settling) h m  the - 
homogenized suspensions in the graduated cylinders. 

Sediment porosity was calculated based on mass lost on fieeze-drying, assuming a uniform 
sediment density of 2.4 g mi3 (Benninger and Wells, 1993). 
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5.2.5.2 Surface wea. 
I,'' 

21. Sedbnt surface area was m d  by the N* adsorption technique using a QuanWmme 
. +; NOVA 1200. F d e d  Bedimeats elisagppated by and p-byhting to .r J.... 

,, -;,ij 35PC for 12-16 h in open crucibles. Just prior to analysis, aliquots were weighed k &%rated 
c q ~ b a n d  for30minat3WCMdQv~cuul1~ Surfaceareaswcrectrl&Bjrthe 

+!iu m i n t  BET method (Bmnaua et aI., l938). The analytical precision i s  typiGpUB GI% 
(btrsed are-analysis of the smne scdimsntparcel) but d a c e  areas m d  on dtqificate 

7 %  aliquots of a well-mixed sample can differ by up to 10%. 
5' :inc 

5.2.5.3 Sumended Sediment Concentration. 

' Watersamp1es were analyzed for sediment 
w i t h p ~ p w e i ~  Wbatman 47 glass fiber filtm follo 
(Baton& 4.1969). Filter pads m&hd the particulate m a t d  watser than 1.Smicb.uaas which, 
wlm combined with known v o l m  of filtered water, provided the mass per whm of 
particulate material. Because of the d volume of water used for filtering sad (350- 
580 ml), a stacked filter system to account for leaching was not necessary. Dried pads were 
reweighed and mass of sediment was then determined on the basis of change in weight. 

5.2.5.4 Total Onrunic Carbon ITOC). Total N i t r m  fl?tl. rmdstable 
hotone ratios. 

-Freeze-dried sediments were mund and homonenized with a mortar and oestle to reduce fine- 
ocrde v u i a b i i  Sediment (640 80 mg dry weight) was weighed into t a k  anal 
14000C tkr 5 h) silver boats 15x9 mm. astech Analvtical) on a Cahn C-30 Ma-a 

cabkt was remoied by ex&hg the weighed h e n t  loaded on a  don Way to HCI 
vapor for 12 h in a closed, organiefke, glass desiccator (Hedges and St- 1984). Silw boats 
am usd rather than tin boats due to their resistance to wmwion bv HCl vmr.  F&-E 

moval, samples were ovendried at 70°C for 0.5 B to &move &dud wid prik to 
analysis. %ihrer boats containing, sediment were crimped and formed for loading onto the 

Ovendried filter samples were stored in a desiccator until weighed on a microbal- - 
calcldate suspended sediment concbntrations. To remove carbonates, filters in glass vials were 
expomi to HCI vapor for 12 h m a ckw& organic-free, glass desiccator. ~esidual acid vlrpor 
was removed from the filters in a 70.C oven for 0.5 h. Acid-fkee filters were then mcap&d 
m 30-mm tin foil discs (Elemental Analysis Limited) for loading onto the elemental a d F  
autosampler. 

Scdiment and filter samples were analyzed for both carbon and nitrogen on a CarloJ3&a NA 
1500 e h m t a l  analyzer outfitted @'an autosampler. I%@ antasampler piepared s q i s  for 
combustion by moving atmosphtiqb contaminants in a stream ofdry helium. SampU.and 
staDdrndr loaded on the a u t o ~ ~ ~ c r a O u s e l  were dropped inh a qua& oxidativt *tube 
packed with silvered cobalt @, ~lllj bpride (Costech Analytical) at l05OOC with a constotnt &a 
gas flow of helium (~esearch'Giadi, aational S ecialty Gases). Combustion was initiated when 
. i , l , ' - ! ,  . I  L . . : ; ' . & .';.?\ 



sample and container were exposed to an atmosphere temporarily enriched with a 5-mL aliquot 
of pure Ultra-Pure 0 2  (99.98%). A 2O-cm fluted quartz crucible fitted with a ~uartz dass wool 
plug was placed in the combustion zone for trappGg and periodic removal of Eomb&on ash. ' 
Excess 9 was removed and nitrogen oxides were reduced to N2 in the quartz reductive reactor 
tube, which was packed with reduced pure copper wires and maintained at 650°C. Combustion 
water was removed in a magnesium perchlorate trap. C 9  and Nz gases were resolved on a 
packed gas chromatographic colunm maintained at 54'C and detected by thermal conductivity 
(Pella and Colombo, 1973). Peak integration was carried out on a Shimazdu CR501 
Chromatopac integrator. Organic carbon and total nitrogen values were expressed on a percent 
dry weight basis. Quantification was performed using external calibration curves of acetanilide 

Dual stable carbon and nitrogen isotopic analyses were performed on the bulk sediment 
simultaneously with the TOC and TN analyses by coupled elemental analysislcontinuous-flow1 
isotope ratio mass spectrometry. Sediment and filter samples were dried, vapor acidified, and 
combusted on the elemental analyzer as described above. Resolved CQ and N2 combustion 
gases were transferred in a helium carrier gas through an open split on the Finnigan MAT 
ConFlo Llinterface and isotopic ratios were measured on a Finnigan MAT 242 magnetic sector 
isotope ratio mass spectrometer (lRMS). Helium dilution of the larger CO2 peak via the ConFlo 
interface open split allowed measurement of both carbon and nitrogen isotopic ratios on a single 
sample. The stable isotopic ratio is calculated as: 

in units of parts per thousand (%). The coefficient N~ is the heavy stable isotope of the element 
13 12 (13c or "N). R is the ratio C/ C or '%I"% of both sample and standard. A negative value 

indicates that the sample is "lighter", i.e. contains less N~than the standard (Craig, 1953). The 
IRMS standard for carbon isotopic measurements was Pee Dee Belemnite (0.0 %) and 
atmospheric N2 (0.0 %a) for nitrogen. A correction factor accounting for isotopic hctionation 
inherent in the transfer of N2 and dilution of C02 combustion gases was applied to all samples. 
The correction factor was calculated at each run by subtracting the average carbon and nitrogen 
isotopic ratios for acetanilide h m  the isotopic values determined by traditional vacuum line 
isotope ratio mass spectrometry. htmment specified standard deviations for 613c and S"N 
analyses were 0.2 and 0.3%. respectively. 

5.2.5.5 Dissolved constituents. 

Nutrient m+, NO<+NG, and ~ 0 4 3  concentrations were measured with a Lachet @When! 
automated ion analyzer employing standard colorimetric methods (Grasshoff et al., 1983). 
Porewater samples were acidified (lo-@ concentrated HCl to -5-mL porewater) to dissolve iron 
precipitates and diluted 1:20 with distilled water. Bottom-water and flux chamber samples were 
analyzed without dilution. The relative standard deviation of replicate analyses is typically 33% 
for all three nutrients. Concentrations of XC02 were determined by flow injection anal& (J3aU 
and Aller, 1992). Samples were analyzed in triplicate; the coefficient of variation averaged *3%. 
Sulfate and Cl- concentrations were measured by ion chromatography (Dionex 20104 employing 
post-column chemical suppression. Samples were diluted with eluent 1:lO to 1:50, depending on 
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' the mean salinity at the station. Analytical precision is typically *3%. DOC c o n c e n ~ o n s  were 
measured by high temperature Wytk combustion using a Shimadzu TOC5OOOvith 

-.A+ automated sample injector. Porewater samples were diluted l:7 with 0.2% (vhr) HCland bottom 
- water samples were &dified wi&~C!l ( ~ O : ~ L  concentration HCl to 4.0-I&). samples were 

,; sparged (30 mL minminl) with low-carbon air for -12 min to quantitatively remove dissolved 
inorganic carbon. The instrumed pre5ision frrr thc DOC analysis is typically +2%. Methane 

9- conamtrations were quantified by head-space equiliiation gas chromatography ( N p h  et al., 
- 1992) wing a Hach-Carle A m 1  equipped with flameionization detector, precision is ~% 

!r' .! based on replicate analysis of a standard gas mixture. 

5.3 Results 

5.3.1 Surface sdnent properties 
,.*.. 
&6 Bottom sediments in the NRE range fiom predominantly sand to predominantly mud (Fig. 5.3). 
<:I$ Grain size is clerrrly related to bathymetry, with most of the variability in size occurring between 
,:-I the shoreline and the deep basin of the estuary. These cross-estuary variations in sediment size 

show sharp transitions, revealing in many instances changes &om 90% sand to 90% mud across 
distances less than one km. Despite the wide range in size, textural patterns are relatively simple 
and display a remarkably high degree of lateral continuity along the estuarine axis. 

Most of the sand is confined to the shoulders of the estuary. Finer-grained sediments occur in 
-the deeper regions as shown by the four nwly  equally-spaced pods of organic-rich mud spread 
along the axis (Fig. 5.3). Visual examEnaton of bulk samples returned fkm the field, prior to 
size analysis, suggests that the lithologic variability of these axial muds is quite low. Within the 

j kud  mmdog the ratio between sill and clay is uniform along most of the estuary, kdi&g very 



modest textural variability within the finer-grained constituents. h e  three regions of coarser 
sediments that separate the pods of axial muds occur at locations of modest bathymetric 
constrictions. The most signifi.cant of these constrictions results h m  a narrowkg of the estuary 
at the 90 degree bend midway between New Bern and the mouth. 

Although a small amount of gravel-sized material (usually < 1%) was found in 44 of the 
samples, gravel is a very minor constituent of surficial bottom sediments in the Neuse. In all 
except 7 samples, the gravel-sized material was biogenic (shell or wood) as opposed to 
hgments of rock. Whole shells were rare and wood h p e n t s  (mm to cm scale) were in a high 
state of decay. 

Surfkce sediment porosity in the Neuse River ranges h m  0.35 to 0.97 (Fig. 5.4). In recently 
deposited sediments, porosity is primarily a function of grain size because surface charges on 
small particles cause them to adopt an open, highly porous structure (Berner, 1980). Fifty 
percent of the surface sediment samples have a porosity greater than 0.8, characteristic of clay- 
to silt-size particles (Berner, 1980). Fine-grain sediments occur along the entire estuarine axis 
but predominate in the deeper trenches and in regimes of reduced wave energy. Law porosity 
sands and gravel are found at the edges of the estuary where wind-, tide-, or precipitationdriven 
currents cause winnowing of fines. 

Figuie 5.4. Distriiution of surface sediment porokty in the ~ e u s e  River Estuary. 
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Figurt 5.5. Relationship betweenporosity, specific surface area, and total organic carbon 
(TOC) in surface sediments fiom tJm Newe River Estuary. Sediments have been grouped 
according to their location relative to Streets Ferry Bridge (SFB). (A) Porosity vs. surface 
area; (B) TOC vs. surfw area; and (C) TOC vs. porosity; the curve represents an 
exponential function fit to the data. 

The relationship between porosity and specific surface area is shown in Fig. 5.5A. Sediments 
with a porosity value between 0.35 and 0.80 have surface areas in the range of 0.15 to 15 m2 g-l; 

2 -1 high porosity sediments (M.80) have mnface areas as high as 4 5  m g . Specific surface areas 
2 -1 less than 5 m g indicate a major sand wmuonent. The wide range of rmrface area values 115- 

2 1 45 m g ) amok high porosi$sediment inkcates lithogenic variability within the clay-size 
h t i o n .  The relationshiu between TOC and grain size Wig. 5.5BI is related to two factors . - 
(Mayer, 1993). First, or&c are hy&odynamically s s a r  to fine-grain sediments and 
therefore accumulate in the same region of the estuary. h4icroscopic inspection reveals intact 

73 .,, 



fecal pellets in Neuse River surficial sediments with porosity values greater than 0.7, while none 
were observed in low porosity, sandy sediments. Second, elevated organic matter concentrations 
in kegrain sediments may reflect greater sorption of organic matter on particles with higher 
swface areas. Whatever the cause of the TOC-surface area correlation. the vronounced 
exponential relationship between TOC concentration and porosity in &face sediments (Fig. 
5.5C) indicates that organic matter ditdriiutions are strondy controlled by the same - - 
hy&dynamic factors that affect sediment grain size. 

- 

Concentrations of TOC are the highest (>7%) downstream from New Bern where the river 
broadens and the currents slow (Fig. 5.6). The cross-channel distribution of TOC clearly 
demonstrates the effect of riverbed bathymetry (and hence sediment grain size) on the deposition 
of organic particles. The TN content in sediments also peaks (M.7%) immediately after the river 
widens (Fig. 5.7). This section of the estuary is where major phytoplankton blooms and fish kill 
events are documented with the greatest hquency. The weakly focused, seasonally variable 
turbidity maximum (Wells and Kim, 1989) may induce a net deposition of organic particulates to 
the sediments in the upper estuaty. Organic-rich muds, representing a vast reservoir of 0 2  

demand and recycled nitrogen, are present all along the estuarine axis. 



Figure 5.7 Concentration of total nitrogen (TN) in surface sediments from the Neuse River 

I distance exhibited significant control on the isoto$c composition of sed&ents having porosities 
>0.8 (? = 0.88) and a weaker control on surface sediments fkom all grain size classes (? = 0.67). 
The 613c values showed an expected trend from -27.8M.2%0 in the upper estuary to -24.5&0.7%0 
in the lower estuary which is suggestive of a decline in terrestrially derived particulate organic C 
or a shift in the isotopic composition of water column X 0 2 .  No evidence of bathymetric or 
grain size control on carbon isotopic composition is apparent in the cross-sectional transects. 
Variations in C:N ratios were too small to contour, but do show an apparent trend with distance 
down river (Fig. 5.9; ?= 0.67): the C:N ratio ranged &m 16.W.9 in the upper estuary (18-15 
km fkom SFB) to 11.8S2.1 in the lower estuary (70-90 km from SFB). The trend suggests a 
downstream decline in non-planktonic organic matter andlor N loss through degradative 
processes. These data are consistent with previous stable carbon isotopic and C:Nmeasurements 
made in sediments along the Neuse salinity gradient (Matson and Brinson, 1990). 

f i e  longitudinal distribution of 6 " ~  values does not exhibit a trend fiom relatively "lighter" to 
"heavier" values as might be expected for simple mixing of terrestrial and marine end-members 
in a system featuring low algal productivity (Fig. 5.10). Rather, a subtle (? = 0.47) trend in the 
opposite direction was found in sediments with porosity values M.8. An important control on 
the S"N value of suspended m a t e d  and subsequently sediment is the concentration of 
-lissolved inorganic nitrogen and 



Figure 5.8 Stable carbon isotopic composition of or&c matter in surface sediments 
from the Neuse River Estuary. 

5 
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Figure 5.9 Longitudinal distribution of C:N (molar) 
ratios in surficial sediments in the Neuse River Estuary. 
Open and closed symbols represent sediments with 
porosity values 4 . 8  and M.8, respectively. 
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Figure 5.10 Longitudinal distribution of stable nitrogen 
isotopic ratio in surficial sediments in the Neuse River 
Estuary. Open and closed symbols represent sediments 
with porosity values c0.8 and M.8, respectively. 

I, Little utilization of the "lightei' isotope occurs when biological uptake of dissolved 
inorganic nitrogen is the rate limiting step (Mariotti et al., 1984; Wada and Hattori, 1991). 
Effects of isotopic fractionation on the 6% value of natural phytoplankton populations derived 
h m  nitrogen-limited coastal North Carolina waters have been demonstrated to be minimal in 
mesocosm exneriments when dissolved nitrogen concentrations were low (Paerl and Fogel, 
1994). ~ar~e'isoto~ic fractionation is expected during denitrijication ( ~ a &  and h at tog 1.991) 
which may be prevalent in the upper mesohaline reaches of the estuary where water column . 
NO j concentrations are higher. 

5.3.2 Sediment depth dism'butions 

Porosity profiles h m  9 stations in the Neuse River Estuary are shown in Fig. 5.1 1. Porosity 
j values generally do not decrease exponentially with depth, indicating that steady-state 

compaction is not the dominant process controlling down-core variations (Berner, 1980). About 
halfthe profiles exhibit minima, maxima, or discontinuities, suggesting temporal variations in 
the grain size or texture of particles accumulating at these sites. 

files of sediment organic carbon are shown in Fig. 5.12. Variations in TOC between stations 
y follow the patterns revealed in the surface sediment survey (Fig. 5.6): organic carbon 
y decreases with distance downstream h m  where the estuary first broadens and is 

er m the deepest portion of the channel. Many of the TOC profiles exhiiit a complex (non- 
onential) shape, suggesting that down-core variations are controlled by processes in addition 

to steady-state decomposition. The correlation between TOC and porosity discussed in section 
5.3.1 (Fig. 5.5C) indicates that grain size is an important determinant for organic carbon content 
in surface sediments. Sediment texture may also play a role in regulating variations in organic 
carbon with depth: TOC profiles tend to parallel porosity (cf. Figs. 5.1 1 and 5.12) and 
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gure 5.1 1 Sediment porosity profiles from 9 sites in the Neuse River Estuary. The inverted 
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Figure 5.12 Depth-distributions of total organic carbon (TOC) from 9 sites in the Neuse River 
Estuary. The inverted triangles represent surface sediment samples. 
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Figure 5.13 Relationship between total organic carbon (TOC) and 
porosity in the sediments h m  the 9 coring sites in the Neuse River 
Estuary. The solid curve represents the exponential function that was 
fit to the TOC vs. porosity data h m  surficial sediments pig. 5.5C). 

the relationship between TOC and porosity in the surface sediments and cores is strikingly 
similar (cf. Figs. 5.5C and 5.13). 

The organic matter C:N ratio increases with depth at 8 of the 9 stations sampled (Fig. 5.14). This 
down-core shift could r e d  h m  diagenetic processes (preferential decomposition of nitrogen- 
rich organic matter) or temporal variations in the source of sedimentary organic matter (e.g., 
increased input of algal material relative to vascular plant remains in the more recently deposited 
sediment). Increases in C:N with sediment depth have been observed in many environments and 
are usually attributed to diagenesis (Macko et al., 1993). W e  it is difficult to isolate the impact 
of depositional and post-depositional processes on C:N ratios in the Neuse River, it is likely that 
diagenesis plays the major role. Suspended organic matter in the water column is highly 
enriched in nitrogen (C:N=6-10, Figs. 5.22 and 5.23) compared to the bulk sediment (C:N=11- 
23), consistent with selective loss of N-rich organic matter following deposition. 

Stable isotope ratios provide information regarding the source of the organic matter and 
environmental conditions at the time the material formed. Unlike C:N ratios, isotopic 
composition is generally thought to be relatively unaffected by diagenetic processes (Eadie et al., 
1994). Carbon stable isotope ratios (6I3c) are commonly used to assess the relative I 

conttiiutions of marine vs. terrestrial inputs (Hedges and Parker, 1976). However in estuarine 
systems, the simple two-component mixing model can produce misleading tesults because of 
variations in 6 1 3 ~ - X &  with salinity (Matson and Brimon, 1990; Fogel and Cihentes, 1993). 
In the NRE, 6 I 3 c - ~ 0 c  values increase with salinity (Fig. 5.8) but do not change appreciably 
with depth at any of the 9 coring stations; down-core variability averages M.3%0, comparable to 
the instrumental precision. Uniform 6 I3c -~0c  values suggest that the relative conttiiution of 
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Figure 5.14 Depth distributions of C:N (molar) ratios fiom 9 sites in the Neuse River Estuary. 
The inverted triangles represent surface sediment samples. 



different organic matter sources (algae, vascular plants, and soil), the isotopic composition of 
water column XO?, and the kinetic isotope effect associated & 6prod~tion have not 
changed markedly dnring the time period represented by the 35an-ent column. 

In contrast to carbon, profiles of stable nitrogen isotope ratio6 show a consistent trend at most of 
the stations (Fig. 5.15): &'%-TN values decrease with depthbq-% in all cores except S42D. 
The enrichment of '% in more &y deposited sediment pr&@& an indication that despite 
increases in nitrogen loading, phmy production in the ~euse REprarb not currently shiffing 
away ihm nitrop-bnitation. Such a skiff would allow &h@yr dissoived inorganic nitrogen 
concentrations, breaeed qmssirn of the azymatic isotope &at during nitrogen uptake, and 
isotopically "lighter" organic nitrogen. Also, there is no &&aw &om the isotope record that 
the contribution of nitrogen derived $am chemical fertiWr (6% valubs close to O%o) has 
increased in recent rears isotopic composition of munb&d sewage is highly variable (-1 to 
+8%4 Padie et al., 1994) but mtsuftlciently "heavy" to expkih the Wad seen in the cores. An 
increase in nitrification-denitdfication is a candidate for axphirdrg Uheaviid' nitroxen isotopes 
in more recently depositad sediment These processes pref'za&y m o v e  isotop~cally "&ht" 
nitrogen ihm the system and am known to be stimulated by high &gcm loading (Seitzinger, 
1990). 

Porewater nutrient profiles for the 9 stations are given in Figs. 5.16 and 5.17. Ammonium 
concentrations inctease fnrm <lo pM in the bottom water to 300-1700 pM in the sediment (Fig. 
5.16), suggesting a substantial flux of =+ across the sediment-water intgface. The him 
NI%+conccntrations occur at Shr S42D, the upriver mid-channet site (Fig. 5.1) with highest 
TOC values (Fig. 5.12) anb;no depth gradient in CN (Fig. 5.14) or &'%-TN (Fig. 5.15). For 
most stations, the h m m e  in N&+mxmtration occurs prbr i ly  in the upper 5-10 cm. 
However at S42D, a dgdloant &cat occurs to almost 40 cm, Bugg;ebtiag active 
ammonification thn,-tlrc sediment column. ~ o r e w a t e r ~ 0 4 ~  ~ncentration profiles (Fig. 
5J7) show a simiiarpctftera torn*. The average value of tMNE4+:&l4*ratio (4:l) is much 
less €hati expected fZIr algal ma€cdal(16:1), suggestingthat PJ is prefcrcntially lost and P is 
p r c f d y  retained in the sediment. Porewater NW c o n d m  at SEa S3O were very low 

** M8@h*srrmplinrg~isn&eatoaccura*o+&porawata~a- 
Went.  N-ess, rapid N W  devletion in the uppermagt s d h -  suggests that 

Depth distributioll~ of S,Ca show a pattern that is consistent with the nutrlent profiles (Fig. 
5.18). PomvabrZ@&isdwatedabovebottomwateratallstPtiolw,MlCatingaetive 
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Figure 5.16 porewater N&+ concentration profiles Erom 9 sites in the Neuse River estuary. 
The inverted triangles denote concentrations in the bottom water. 



Figure 5.17 Porewater PO.?- concentration profiles b m  9 sites in the Neuse River estuary. 
The inverted triangles denote concentratiom in the bottom water. 





SuLfilte concentration profiles indicate significant sulfate reduction at all but the most upriver site 
(Fig. 5.19). Sulfate reductionpduces HzS, which can dBbe to the sediment-water intcarface 
and contnb~te to the 9 demand At sites where ~ 0 4 ' -  depletion occm before reactive organic 
matter is exhausted, CJ& production will occur. Like Has, can diffuse ta the sediment 
surface where it is oxidized at the expense of Q. Alternatively, C& conoentrations can exceed 
saturation and fom bubbles that exit the sediment via ebullition. At Sta. S30, CJ& 
concentrations reached saturation at 5 cm below the sediment surface, s u m  that ebullition 
may be an important mechanism for transferring reduced compounds (02 demand) from the 
sediment to the water column. 

Several recept studies suggest that advective flow of groundwater may be a qpmtitatively 
important source of nutrients in coastal regions (e.g., Moore, 1996; Church, 1996). However, 
pomwat6i CT profiles (Fig. 5.20) suggest that this process is only important t$eNeuse in the 
up-river section near Sta S42B. Although several other sites show slight decreases in C1- with 
depth, this W e n i n g  effect may be related to temporal variations in bottom water chlorinity. 
The ~ssponse time of porewater Cr to changes in bottom-water saliniQ+e&hted as L'/D 
where L is length scale and D is diffusivity-ranges from 2 weeks in the upper 5 cm to 7 months 
at a depth of 20 cm. Thus, C1- concentrations below 20 cm reflect the average annual &ty 
while surficid values reflect seasonal variations. Cores collected in this study (except for Sta 
S30) were sampled in October; elevated GI' concentrations in the upper 10 cm k 1 y  reflect 
higher salinities that occur during the relatively dry summer period. The impact of advective 
groundwater flow at Sta. S42B is discussed in Section 5.4.6. 

5.3.3 Benthicjhues 

Benthic fluxes of Oz, m+, and NO, (N03-+NO27 at 8 stations in the NRE are mrmmatiZed in 
Fig. 521. The Q flux is relatively constant (CV = *24%), despite major differences in sediment 
TOC and porewater nutrient concentrations. For example, the 0 2  flux at stations S1 lSA (23.0 

-2 1 mmol m d ) and S140F (24.4 mmol m" 6') are nearly identical while TOC concentrations 
-2 -1 -by a factor of 3 (Fig. 5.12). Likewise, 0 2  fluxes at stations S42B (27.1 mmol m d ) and 

2 1 S42D (31.5 nnnol m- d ) are similar despite dramatic differences in porewater NI-&+ and XCQ 
concentrations (Figs. 5.16 and 5.18). It appears that the magnitude of the summertime benthic 
9 h a n d  in the Neuse River'Bstuary is relatively insensitive to spatid differences in organic 

concentration and decompositibn rates. A possible explanation is discussed in section 

1 
thic flux is considerably larger than for 0 2  (CV = k54%). 
N&+ flux shows some relationship with concentrations of 

' . organic matter and nutrients in the sediment and porewater. T h e m '  flux is largest at Sta. 
2 -1 b; S42D (5.59 mmol m- d ) where TOC, m+, and ZCOz concentrations are highest (Figs. 5.12, 

L, 5.16,5.18). The lowest measund a+ flux (0.36 mmol me* 6') is at Sta. S1408 a site 
dominated by low porosity (sandy), organic-poor sediments (Figs. 5.1 1 and 5.12). The average 

,, 314 Q : ~ + f l u x  ratio (8.3) is &kingly similar to that predicted byRedfield ratios (84, but the 
. ratio at individual sites ranges from 5 to 10 (ignoring the outlier [ 0 2 N & + =  611 at Sta. S140B) 

reflecting differences in the C:N ratio of the reactive organic matter, rates of nitrification- 
denitrification, and possibly anaerobic decomposition pathways. 
" "s-?? 8 7 



Figure 5.19 Porewater sod2- concentration profiles from 9 sites in the Neuse River estuary. The 
inverted triangles denote concentrations in the bottom water. 
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Figure 5.20 Porewater Cl- concentration profiles fiom 9 sites in the Neuse River estuary. The 
inverted triangles denote concentrations in the bottom water. 
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Figure 5.21 Benthic fluxes of 02, N&+, and N9, (NO<+Nw h m  8 sites in the Neuse 
River Estuary. For 9, positive values denote that the flux is into the sediment; for the 
nitrogen species, positive and negative fluxes indicate sediment release and uptake, 
respectively. 



Sediments can serve as either a source or sink for bottom-water NO; depending on the relative 
rates of nitrification and denitrification. Sediment uptake of NO, was highest in samples 
collected at the u~river stations (S42B and S42D) where it removed a quantity of NO< 

t 1 - equivalent to 15-30% of the benihic NI&+ releasd (Fig. 5.21). At Sta. ~ 1 4 0 ~ ;  the flux of NO; 
-2 -1 into the sediment (-0.53 mmol m d ) exceeded the flux of m+ from the sediment (0.36 mmol 

1 m-2 d-') by almost50%. For sediment collected from several of the down-river sites (Stations bBC, ~115~and~140~),the~0~fluxau@nentedthe~fluxby10-15%. 
5.3.4 Seston concentration and composition 

Sediment in suspension shows little change among stations and only modest change over time 
(Tables 5.1-5.4). Average surface and bottom concentrations for the entire data set were 4.8 and 
9.9 m a  respectively. Examination of data on a station-by-station basis shows that in every case 
concen&ations were lower at the surface than at the bottom with surface values being almost 
invariant. Although the bottom concentrations show two peaks, a turbidity maximum cannot be 
clearly established ftom the data. Several of the very high bottom concentrations (stations M9 
and M22) may have been a result ofunintended bottom disturbance (resuspension) during the 
sampling procedure, thereby biasing results at these stations. Sediment concentrations over the 
16-month period of observations show slightly more than a two-fold change both in surface 
values and in bottom values. In every case, average concentrations at the surface were lower 
than concentrations at the bottom. 

The lonnitudinal distributions of sumended  articulate matter in surface and bottom waters on 
07/21/98 and 10127198 are illustrated in ~ i ~ i .  5.22 and 5.23, respectively. There appears to be an 
increase in sus~ended sediment concentration (SSC) with longitudinal distance from SFB on 
both dates. Thk difference between surface a& bottom-wateis~~ was smallest in the up- 
estuary stations near SFB and increased with distance downstream suggesting a greater 
downstream contribution of resuspended bottom sediment in the estuarine bottom waters. The 
weight percent of particulate organic carbon (POC) ranged ftom 10% near SFB to -25% in July 
and -45% in October. Lower POC values in bottom waters are generally associated withhigher 
SSC, suggesting a contribution h m  ~ - ~ o o r  re-suspended sediment. A plot of absolute POC 
concentration (ma E') vs. distance dow~lstream shows an increase in July, whereas this - - 
relationship is less clear in October. The estuarine concentrations of ~a&culate nitrogen (PN) 
were as high as 3-5% in July and 6-8% in October. The relative and absolute concentrations of 
PN follow closely the trends shown by the POC fraction. 

In July, C:N ratios in the upper three stations (SFB, 58,68) suggest a contn'bution by tenrestrial 
sources or preferential N removal via degradative processes. In October, suspended matter in the 
upper estuary has similar C:N ratios (-7) to those in the lower estuary, suggestive of the 



Table 5.1 Suspended sediment concentration data summarized by sampling date. 

Elapsed Sampling All Samples Surface Bottom 
Days Date Mean Std Maximum Minimu Mean Mean 

Grand Mean 7.4 6.3 27.8 2.1 4.8 9.9 



Table 5.2 Surface suspended sediment concentration data B e d  by station. 
Station Distance' 

I.D. w) Mean SM Max Min 
sFB2 0 5.1 3.1 13.0 0.8 
M64 3.5 5.0 3.2 14.0 0.4 
M52 8.1 4.4 3.5 17.3 0.6 
M38 12.7 4.8 4.0 24.0 0.6 
M22 17.2 4.1 2.3 10.6 0.8 
M17 23.8 4.3 2.7 12.3 1.0 
M15 27.2 4.8 3.0 12.2 0.6 

ST100 33.7 5.2 5.9 27.8 0.2 
M9 36.7 5.4 5.3 21.2 0.6 

ST140 50.5 4.8 5.1 26.3 0.2 
ST160 57.5 4.2 4.3 18.7 0.6 

Table 5.3 Bottom suspended sediment concentration data B e d  by station. 
Station ~istance' 

I.D. (Irm) Mean Std Maximum Minimum 
SFB~ 0.0 8.5 5.8 29.6 2.4 
M64 
M52 
M38 
M22 
M17 
M15 

STlOO 
M9 

ST140 
ST160 

Table 5.4 Average suspended sediment concentration data summarized by station. 
Station D i c e '  

I.D. (km) Mcan Std Maximum Minimum 
S m 2  0.0 6.8 5.0 29.6 0.8 
M64 3.5 5.6 3.4 14.0 0.4 
M52 8.1 5.8 4.2 20.7 0.6 
M38 12.7 6.4 5.3 24.0 0.6 
M22 17.2 7.8 15.4 127.1 0.8 
MI7 23.8 7.0 5.8 28.7 1 .O 
MI5 27.2 7.7 7.3 42.2 0.6 

ST100 33.7 9.1 10.3 49.4 0.2 
M9 36.7 11.0 18.8 143.4 0.6 

ST140 50.5 6.5 6.2 27.8 0.2 
ST160 57.5 6.0 5.0 21.0 0.6 

'Distance downsteam of 'SFB (Streets Ferry Bridge) 





Figure 5.23 Longitudinal distribution of sediment load (mg L-I), relative (%) and absolute 
(mg L-') concentrations of POC and PN, molar C:N ratios, and stable carbon and nitrogen 
isotope ratios of particulate material in surface and bottom waters on October 27,1998, in the 
Neuse River Estuary. 
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isotopically emiched, residual NIi(* ftom nitrification as by Mariotti et al. (1984). An 
additional explanation was extensive algal uptake where N became lianited as was observedby 
Cifuentes et al. (1988) in the Dalawm Estuery. 

5.4 Discussion 

5.4.1 Sediments and Processes of Sedimentation 

It is clear that sediment dkhiiution patterns are related to basin morpholagy and wtmine 
processes. Sands that oocut dong the fkmks of the chanaril tigVs-1~ brrcn dadved ftom 
shoreline erosion of oldaPlsi-stoCene dqmsits, as has been noted in o k  parts of the Albemarle- 
Pamlico system ( S t h v d t  and&pm, 1974; Bellis et al. WSy. Way@ that impinge on the 
shallow estuarine shouIdcas d- storms, especially on the Bonth sidk ofthe lower estuary, 
promote shoreline d o n ,  create nartow estuarine b e d +  and pmmt deposition of mud. 
Microscopic examination of the tllta pads h m  samples taken over fga 16-month period reveals 
that, in fact, little sand enters the sstuaryfrom upstream, at least ss load. Most of the 
sand in the Neuse drainage basin has been trapped well above the egtuarine seotion and is stored 
in the drainage basin as old overbuk or point bar deposits. 

As the bottom pro& drops off to the estwaine basin, organic-@muds quickly replace clean 
shoreline sands as the dominant bottom inaterid Vibracores ih& Ora studies show, however, 
that sands underlie the muds at depths of 0.5 m to 3.5 m below tkebottm (Wells and Kim, 
1991). The lateral d h i i o n  and thickness of omuic-rich mud irirreasdsas the basin widens 
and deepens downstream Wggs et d. 1991). &present-day acmgiaan~e of mud throughout 
much of the NRE is a d t  of sa$eral kctors: (1) lack of new sand'bma u~stream sources. 
(2) efficient hpp@ by wduarinoproccss, end (3) possible lsndw~rd &rt of mud from 
Pamlico Sound (Bemhger and Wells, 1993). On geologic timG scalq the organic-rich muds 
are very recent; however, on time d e s  relevant to modsting at maqa$ancnt, the muds (except 
in the top several mn) san be mnsidenxl "old" and dikelyto .&&cantly in their 
d c i a l  digtn'bution patterns. 

The s igo i fhm of the range in surflcial sediment size is twofold, @&st, pxliments of different 

shear distribution 
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'. to be lower than those in other estuaries and, when comhincd with the low suspended sediment " ,k 

. ' concentrations, probably result in relatively low long-term sedimentation mtes. 

Previous rasearch using radionuclides has shown that short-term sedimentation rates (order of 
years) are highest in the upper estuEny (stations 50-70), but that highest long-team rates (order of 
decades) are in mid-estuary regions (stations 120-160) where they range h m  1-6 mm/yr 
(BZnninger, 1989,1990: W e b  and Kim, 1991). Thug it appears that trapkg of muds in the 
mmer estunrv occurs onlv on a short-tm basis and that intervals of rapid accumulati~~~ alternate 
diih episodcs~of erosion: Despite the trapping efficiency of the estuary and the w i d e  
ocourreace domanic-rich muds, these soff muds are considered to be mobile &ents3 and 
ultimately what k u l a t e s  in the ~ e u s e  over a period of decades is swept into Pamtico Sound. 

Although samples were taken during fairweather conditions, suspended s c d d a t  GonCentratiom 
are remarkably low and uniform, given that much of the estuarine basin is comprised ofo-c- 
rich mud with a mobile upper &a. Sediment resuspension in estuaries is often assumed to be 
dominated by tidal currents, particularly in deep, narrow estuaries having relatively strong tidal 
flow. However, tidal forcing in the Neuse is minimal and sediment resuspension in this W o w  
system is probably dominated by 8torm events. The previously measured (maximm) &ent 
@mnnulation rates of 1-6 mmly probably account for storm rasuspension and me d d e d  
insuffcient for significant basin infilling at present rates of sea level rise of 1-2 mm/yr. 

5.4.2 Sediment nitrogen and carbon inventories 

The average sediment TN concentration (%N) along each latitudinal traascct is relatively 
uoifonn, but the inventory (tons of N) increases h m  New Bern toward Pamlico Sound as the 
area of the estuary becomes larger. The uppermost 2 cm of sediment contains 7800 toIbs of 
nitrogen. In contrast, the total nitrogee (particulate nitrogen, dissolved orgrmic nitrom urea, 
N&+, md N w  content of the entire 3-4 meter water column is less than 800 tons (Ch&th et 
A, 1991). The large pool sedimentary nitrogen serves as a vast nutrient storage reservoit and 
can be an important source of NI&+ to the overlying water, particularly during thc sumam when 
external nitrogen loading is at a minimum (Paerl et at, 1998). The total inventory of organic 
clirbon in the upper 2 cm of Neuse River sediments is 86,000 tons. 

5.4.3 Sediment 0 2  demand 

Benthic 01 fluxes r n h  in October 1997 are relatively uniform for the 8 stations tbtwere 
sampled (Fig. 5.21). Furthermon:, variations among the stations do not appear to cornlate with 
sediment and porewater parameters that generafly relate to benthic metabolism (e.6, TOC 
content and prewatc~. C C ~   and^&>. Sauber (1998) conducted a similar spatial survey in the 
Ncuse River during SeptembdOctober 1996-97 using in situ benthic chambers. He also reports 
modest variability (CV = e 5 % )  mong 6 of 7 sites located in the upper and mesohaline portion 
of the estuarv. The outlier flux, an extremely low value m d  in hard, sandy sediment 
shortly after& passage of Hunicane Fran, was attributed to scouring of organic matter and fine- 
grained sediments during high flow conditions. Rizzo and Christian (1996) conducted seasonal - 
measurements of sediment 6 uptake over the entire length of the estuary using unstirred 
sediment cores. Their extensive data set (654 incubations) is suitable for rigorous statistical 



analysis and shows no significant difference in the annually integrated benthic O2 flux 
throughout the estuary. Furthermore, temporal variability is highly complex; only a small 
component of the variance can be attributed to temperatme. Howevk, they did observe 
substantial differences among stations at any given time. On at least one occasion, nearly every 
site had significantly greater 9 uptake than all the others. 

Difhion limitation may contribute to the modest spatial variability in the benthic 9 flux data 
and the poor correlation with sediment and porewater parameters. For dissolved constituents 
with strong concentration gradients at the sediment-water interface, sediment uptake could be 
controlled by molecular diffUsion through the stagnant boundary layer. Boundary layers are 
typically 0.2-1.3 mm thick (Jmrrgensen, 1996) and stirring mechanisms in benthic chambers are 
often designed to create a stagnant layer that falls in this rauge (Devol, 1987). The maximum I 
(diffusion limited) 9 flux (JO2) through a 0.7-mm thick boundary layer (Az) is: 

where pis porosity at the sediment surface, Do is the molecular diffusion coefficient for 02 at 
2S°C (Li i d  &egory, 1974), and A02 is the difference between Oz concentration in bulk 
bottom-water (assumed to be 200 uM or 6 mg L.') and the base of the stagnant boundan layer - - 
(assumed to bd zero for calculati4 the diffusTon-kted flux). This valueis close to the 
maximum measured 02 flux (Fig. 5.21), suggesting that diffusion limitation may serve as a 
governor for regulating sediment 9 demand. 

The average of our 9 flux data is compared with results h m  several other Neuse River studies 
in Table 5.5. Although the measurements were conducted at different sites and times using 
different methods, our fluxes appear to overlap with those reported by Sanber (1998). The 
somewhat lower values reported by Rizzo and Christian (1996) may be due to a largerproportion 
of shallow (1 m) sandy-sediment sites or the absence of stining during the core incubations 
resulting in thicker boundary layers (> 1 mm) and greater diffusion limitation. 

Bottom-water in the mesohaline region of the Neuse River is hypoxic (Q.0 mg 9 L-') for about 
60% of the davs from Mav throuph October (Garrett, 1994). The basic cause of the hypoxia is 
weU known: 02 consumpion ex&eds fi&vertit& mixing and lateral transpOrt. 
During periods of calm or southwest winds, the NRE becomes highly stratified and the strong 
pycnocline located 1-1.5 m above the bottom greatly restricts bottom-water ventilation. 
Respiration in the water and sediments both contribute to 9 consumption in the bottom water. 
Assumhg that bottom-water contains 200 pM 9 (6 mg L-') prior to stratification, the 9 
inventory below the pycnocline is 26300  mmol m-'. The average sediment 9 demand for the 

-2 -1 Neuse River (25*lO mmoI m d , Table 5.5) is sufficient to complete1 consume bottom-water 7 9 in -10 days. Likewise, the pelagic 9 demand (3M3 mmol m-3 d , Sanber [l998]) will 
~ t h e b o t @ m - \ ~ a t e r ~ p o o l i n - 6 d a y s .  Althoughbentbiod of 
ccmyrarable mqpitude, tbc inventory ofwdhentary org&&&mn 
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Table 5.5. Average 0 2  benthic fluxes for the Neuse River Estuary. 
- -  - - 

0 2  Flux Sampling Sampling Sites 
Reference (mmol m-' d-') Dates ( k m b m ~ F B ' )  Method 

Fisher et al. 36% Seasonal 58 In si#c chamber 
(1982) I978 

Rizzo and Christian 13*3 Seasonal 17-70 U&ed Cores 
(1996) 1987-89 

Sauber (1998) 28t12 SepfOct 12-45 In situ chamber 
1996-97 

This study 2 2 s  Oct 1997 14-48 Laboratory 
chamber 

Average 25a10 

'SFB = Sireets Feny Bridge. 

gm4y exceeds that contained in the water column (Section 5.4.2). The benthic flux will 
th- play the dominant role in buffexhg the long-term response of estuarine 0 2  demand to a 
reduction in eutrophication. 

5.4.4 Benthic nitrogenflwc 

The bea@iic N&+ flux in the NRE rbpmnnts a substantial input of nbgm& the s W i $  
Flw xwasnd at 8 sites nmge dnan O$6 to 5.59 mmol N&+ m-q 6' (Fir& 5.213 
e x . c a e d . . ~  loading of partlc-d h g a n i c  nitrogen (0.6-1.2 mazdM ml 
aL, 1998, Chxistian et al., 1992). Thc- flux of & &om se&nent$@.7*t,S, 
is equivalent to about 25% of the d y  averaged nitrogen demcmd of p*. 
mmol ni2 d"; Mallin et al., 1991; Christian et al, 1992). Howwer, the importance o 
='to water column produdvitjlie~hly variable in gpaco and time and could contripltaup - 
to 50"k of the local phytoplanMoa ' demand (Haruthmian, 1997). The d r P i r a t i a . h -  . . 
river increase in the waier c o l u i h i i ~ ~ v c n t o r y  (Fig. 534) pmvides a clm~ 
importance of recycled nitrog&,tropani&ky in the more'saline sections of the &-us3 

, ~ .',..,is;: ;$ 

Denitdication is one ofthe P & d p ~ & a u i ~  for purging &t8 of+*- 
(Seitzinger, 1990) and its impactbk&$lY seen in the benthic flux daft% sedipLenitsedipLenitsedipLenituptaks,~f N q  
moderates the release of fixed &&&&i& 6 of the 8 sites that weresmpkd (Fig. $21). . ,. 
~owwer,  the benthic fha d a & b ~ ' d l o w  .. . .-- !,., us to estimate ths.@on ofthi upwad NH*: flux 
that is intercepted by coUi,led nitr@M&-deniacation Farthetnrare, the.bGnchlc @ @ 
were obtained under conditions of a-rich, NO;-poor bottom-water which inhibit denitrifying 
bacteria 
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Figure 5.24 Total inventories of NO< and N&+ in the Neuse River Estuary as a function of 
distance downstream fiom Streets Feny Bridge. Average concenh'ation data were taken fiom 
Christian et al. (1991). 

At least six previous studies report benthic nitrogen fluxes for the NRE (Table 5.6). Despite 
differences in methodology and spatial and temporal coverage, the average =+ fluxes fall in a 

-2 -1 relatively narrow range: 2 to 5 mmol m d . Benthic NO; fluxes are far more variable, 
reflecting the sensitivity of Na- uptakdrelease to rates of organic matter remineralization and 
NO; concentrations in the bottom-water. 

5.4.5 'Zifktirne" of the sedimentary organic matter 

Predicting the temporal respome of estuarine water quality to reductions in nitrogen loading 
requires an understanding of how long organic matter is retained in the sediment. A fitst-order 
estimate of the *'lifetime" of sedimentary nitrogen can be obtained by dividing the inventory of 
total nitrogen in the &e sediments (7800 tons; Section 5.4.2) by the avetage benthic m+ 

2 -1 flux (3.2 mmol m- d [Table 5.61 or 6400 tons y-' given an estuarine area of 393 lan2). This 
estimate (-1.2 v\ must be considered a Qude lower limit since it assumes that a l l  reactive 
sediment& niGgen is contained in the upper 2 cm of the sediment cohrmn; porewater W' 
profiles (Fig.5.16) indicate that the active monification extends to depths of 5 to 40 cm. 



Table 5.6. Average N&+ and Nw benthic fluxes for the Neuse River Estuary. 

NJ&+ Flux NG- Flux1 Sampling Sampling Sites 
Reference -2 -1 -2 - (mmol m d ) (mmolm d Dates (km from SF$) Method 

l) 

'~e~at ive  value denotes a flux into the sediment. 
'sFB = Streets Ferry Bridge. 

Similarly, we can calculate the "tlfethe" of the sedimeat demand. The invcntorp.of&c 
carbon in the wnface sediments LO-2 &@is 86,000 tons (Sectian 5.4.2). GVGPI the 
tsentlric 9 hm (=lo m o l  m d4 pabk 5.51 or 115,000 tons y-') and assuming 
stoicbiometry for the reactive &c matter, we calculate a "lifetime" for a d 
Again, this estimate must be cotW&d r unde lower limit since porewater ZCOz pi% 
(Fig.5.1 indicate that o r g a t @ & ~ s i t i m  o c c k  well below the 0-2 an depth 
interval. fn mtrast to the -2.6 y %When of the benthic 02 
snspended~organicinthabortom-waterisonly3to 
Figs. 522 22 5.231, water c o 1 m n r l ; O i ' o n  rate of 3 
Redfield stoichiometry). 

Several recent studies present evidencethat large quantities of groundwater may discbarge 
directly into the coastal ocean (e.g., Moore, 1996; Church, 1996). The groundwater may be 
enriched in nutrients and thereby serve as a significant source of nitrogen to the estuary. 
Porewater Cl' profiles from the NRE show a clear sta. ~ 4 2 ~ ~  ,..,. , ., . 
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a shallow site in the upriver section of the estuary (Fig. 5.20). We applied a steady-state, one 
dimensional advection-diffusion model (Berner, 1980) to C1- data h m  this site in order to 
estimate the upward, groundwater advection rate: 

where cp is sediment porosity, D, is the wholesediment diffusion coefficient for CT at the in situ 
temperature and salinity (Li and Gregory, 1974), c is C1- concentration, z is depth below the 
sediment d e ,  ru is downward advection due to the net effect of sedimentation and 
compaction, and o is upward advcction associated with groundwater flow in the porewaters. We 
assumed a sedimentation rate of 0.5 cm y-' based on measurements h m  Bentringer and Martens 
(1983) at a nearby site. The CT data w& fit reasonably well with im upward adGection rate of 
1 mm 6'. This rate is slow enough that upward advection will have minimal impact relative to 
molecular diffusion (i.e., ~eclet number is<l). 

- 

5.4.7 Benthic-pelagic coupling 

Longitudinal profiles of 613c, sl%, and C:N values in estuarine seston have been used to study 
the mixing of t m t r i a l  and marine particulates (Peters et al., 1978; Thornton and McManus, 
1994). These studies assume that local autochthonous inputs are low and can therefore be 
neglected. In a weakly flmhed estuary like the Neuse, this assumption is not valid as algal- 
derived organic matter is probably a si@cant component of the total suspended matter. We 
propose to use the isotopic and elemental composition of the seston and sediment to trace the 
settling and remiuerslization of the algal organic matter derived h m  specific bloom events. Our 
preliminary data are discussed below. 

Suspended particulates collected in July and October (Fig. 5.25a) were sigdicantly enriched in 
nitrogen (% %) wmpaml to surficial(0-2 cm) sediment (4.7%)). The concentration differential 
is attributed to degradation of N-rich plankton in the upper 2 cm and dilution by N-poor 
lithogenic particles. Likewke, C.N ratios in suspended particles are oonsistently lower than 
surstcc scdimmts (Fig. 5.25b). Suspended particulate C:N va lm near 8 suggest a large 
wntn'bution &om vlaaMonic mahiaL The relative C enrichmat in sediments is likely due to N 
loss during r e m i n k n  at the sediment-water interface. The 613c of suspended p&culat~ 
and sediments follow the same trend towards ''heavier" marine values downstream. altbouah the 
water column samples show o o n s i ~ l y  more scatter (Fig. 5.2%). This trend is likelyd&to the 
changing isotopic composition of assimilzikd XC& rather thau a strictly conservative mixing of 
terrestrial and marine particulates (Matson and Brinson, 1990). 

In the upper estuary near SFB, 6% values of suspended particulates were lower than those 
found do0wllstream-of ~ c w  B& (Fig. 5.25d), su&esting kthg the p d o m b m c ~  of teaigenaus 
sources or preferential uptake of isotopically "light" N. Under conditiw where dissolved 



Fin. 5.25. Longitudinal profiles for surficial sediments and water column suspended 
p&culates. ?;he squares denote surficial sediment. The circles denote sestin wllected on 
July 21,1998; triangles denote seston wllected on October 27,1998 (open symbols are 
surface water: closed svmbols are bottom-water). 

inorganic nitrogen is not limited, as may periodically be found 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). A subtle mid-estuary maximum (-10%0) in the 5% lpigrmtum of 
seston was observed in the 15 to 30 km region of the esturny. Upstream "N-emichment in 
seston was observed by Middelburg and Nieuwenhuize (in press) in the polluted Schelde 
Estuary. They suggest that this upstream enrichment is due to the utilization of isotopicaUy 
enriched, residual M&+ h r n  nitrification as suggested by Mariotti et al. (1984). Another 
possible explanation is extensive algal uptake where N became limited as was observed by 
Cifuentes et 81. (1988) in the Delaware Estuary. It is suggested that the maximum in the N w  
was related to extensive uptake of a limited supply of DIN that had been enriched by coupled 
nitdication-denitdication processes. If the maximum was due to DIN limitation alone, we 
would expect to see similar enriched values downstream of this region where concentrations of 
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DIN are lower. This was not observed. Downstream seston 6% values were ''heavier'' than 
that observed near SPB, but still "iighter" than water column particulates h m  the 15-30 km 
reach. Suspended sediment 6% values were enriched over sediments by about 24% in the 15 
to 30 km region of the estuary. This sediment-water column de-coupling of absolute 6'5N values 
indicates that the particles ~mdergo several stages of isotopic alteration via biogeochemical 
processing before their eventual b d  in the sediments. 

Suspended sediments collected during summer and fall likely contain a large hction of newly 
produced material whmap sediments are an annual integrator containing a larger wntn'bution of 
terrestrial andlor remineralized material. Due to these degradative pmesses, the seston C:N and 
6% absolute values and-to a lesser extent--6% values are so111ewhat decoupled h m  
sedimentary values. Further characterization of suspended sediment ~ C B S O ~  variability and its 
response to hydrological and bloom events will, however, allow for the use of trends (similar to 
these fairly well behaved preliminary variations) to trace the settling and remineralization of the 
organic matter. 
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6.1 Introduction 
3 .  

. .. 
, Benthic infauna are the primary food source for many of the fish species in the NRE. In addition my: 

the presence (or absence) of benthic macrofauna is an important factor in determining bottom 

, > 
"'!? water oxygen concentrations, prim&ly because the burrowing activities of infauna allow 

penetration of oxygen into the sediment, where the oxygen is then available for aerobic microbial 
decomposition. Thus efforts to understand and model the impacts of nutrient loading on water 
quality in the NRE and to preserve the viability of the NRE fishery must be undeaaken with fidl 

r i c  consideration of the role of the benthic community. 
> ,r T 

While the effects on benthic community structure of long-term and persistent hypoxic conditions, 
such as exist in some deep fjords, have been well described (e.g., Josefion and Rosenberg 1988), 

- ' the effects of smaller seasonal events, such as occur in parts of Chesapeake Bay and in the NRE, 
I. : 291 

are just beginning to be understood. 

'?'I 

, , Despite much research on the physiological effects of anoxiahypoxia on estuarine organisms 
Y ' ~  (e.g. Theede et al. 1969, Rosenberg et al. 1991, Winn and Knott 1992), there remains a gap in our 

understanding of the critical trophic consequences of such events. It is generally believed that 
x i  I anoxia results in a disruption of the "normal" trophic flow because the primary productivity 

(usually an algal bloom) is shunted to anaerobic bacterial degradation pathways in the absence of 
oxygen, thus excluding the zooplankton and fish linkages present under normal oxygenated 

'1 
conditions (Kemp and Boynton 1992). This redirection of the carbon flow can have significant 
. ecosystem-level effects by resulting in a temporary loss of energy fiom the system (Dim and 
i~osenberg 1995) and shifts in predator-prey behavioral interactions (Breitberg 1997). Studies by 
;Pihl et al. (1992) and Pihl(1994) have begun to investigate how demersal consumers are affected J9: 
by the changes in their benthic prey hning a hypoxic event, but these papers focus only on the 

&mediate dietary changes for the predators that occur during mild hypoxia No study has ,. 
investigated what the indirect tropbic effects of hypoxiclanoxic events may be, in the long-term, - 
on the value of the recovering benthos as a food source for demersal consumers. 

Infaunal mortality and community shifts induced by oxygen depletion (e.g. Seliger et al. 1985, 
Winn and Knott 1992, Llans6 1993) serve to conline bioturbation activities to the upper layers of 
the sediment, decreasing oxygen and nitrate penetration into the sediments (Rhoads and Young 
1970, Aller 1982). Release of @& by anaerobic microbial degradation, which occurs 
normally in deeper sediments and at the sediment rmrface under anoxic conditions, can ham 
infaunal organisms (Vismann 1991) and can deplete up to 50% of the dissolved oxygen in the 
isolated bottom waters by sulfate production (Roden and Tuttle 1992). 
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Physical disturbance has been described as an important mechanism in structuring both hard 
substrate (e.g., Dayton 1971, Connell1978, Paine 1979, Sousa 1979) and soft-sediment (McCall 
1977, Rhoads et al. 1978, Brenchley 1981, Probert 1984, Hall 1994) marine communities. 
Studies of disturbance in soft sediments have largely concentrated on events that cause 
morphological disruptions, such as fishing with bottom-disturbing gear (Peterson et al. 1987, 
Dayton et al. 1995) and predator feeding that induces depressions (Van Blaricom 1982, Hall et al. 
1991), and on disturbance h m  organic deposition (Pearson and Rosenberg 1978, Rhoads et al. 
1978). Hypoxic events, while they do not alter the physical shape of the sediment rmrface, can 
cause drastic changes in the physical and chemical conditions at the sediment-water interfkce. 
The severe oxygen depletion and toxic sulfide release which @pi@ hypoxia can cause mild to 
severe disturbance to a benthic macrofaunal community, depending on the spatial extent and 
duration of the event. Hypoxic events can play a major role in determining benthic community 
structure and trophic dynamics in a number of different systems (e.g. Tenore 1972, Falkowski et 
al. 1980, Santos and Simon 1980b, Harper et al. 1991, Holland et al. 1987, Rosenberg et al. 
1992, Rabalais et al. 1994). 

It is often =cult to determine the extent and impact of disturbance by hypoxia, unlike some 
other more obvious disturbances such as the impact of bottom-disturbing fishing gear, which can 
be spatially conhed for the purpose of manipulative experiments (Peterson et al. 1987). 
Hypoxidanoxic events can be highly variable over short periods of hours to days (e.g. see 
Section 3), and adequate description on a large spatial scale requires arrays of oxygen probes that 
are not feasible in most cases. For this and other reasons (for example, the difficulty of 
transplanting a benthic community into the lab while preserving structure and function), most 
ecological studies investigating h$oxialanoxia are "&ml experiments" (as defined b i  Cornell 
1974) with less-than-ideal knowledge of the extent of the disturbance. 

Different macrofama have different ''critical levels" of hypoxia which they can physiologically 
survive. In general, polychaetes are the most tolerant, followed by bivalves and then by 
crustaceans (Dim and Rosenberg 1995). The critical level for tolerance of hypoxia by any 
species is in part dependent on temperature, and studies on the bivalve Mulinia lateralis show 
lower tolerance of hypoxia as water temperature increases (Shumway et al. 1983, Diaz and 
Rosenberg 1995). Despite the confounding efftcts of temperature, field studies in marine 
environments with temperatures ranging h m  10°C to 2S°C have historically suggested a critical 
oxygen concentration of 2 mg/L. for causing &&cant effects on infaunal communities 
(Hemiksson 1969, Pibl1994). Large scale mortality of benthic hfhmais likely to quire at 
least a short period of time when oxygen concentrations fkll below 2 mg& (Rosenberg et 
al.1992). For instance, in the Texas shelf environment, signijicant benthic mortality was 
observed in nsponse to oxygen concentrations of 1.0 mgL, and mass mortality resulted fsom 
concentrations of 0.5 m a  (Harper et al. 1991). 

Responses to anoxidhypoxia at the local community level vary depending on the severity of the 
event and rate and mechanisms of recol&on (Simon and Dauer 1977). If an event is very 
severe (total anoxia or 2-3 weeks of sustained hypoxia), a community may experience complete 
defamation and subsequent alterations in largescale ecosystem function (Breitburg 1997). 
Oxygen-depletion events of lesser severity can have a broad range of effects on infaunal 
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populations (Tenore 1972, Holland et al. 1987, Pihl et al. 1991, Breitburg 1992, Dauer et al. 
1992, Winn and Knot- 1992). Organisms may suspend feeding during a short hypoxic event and 

, then quickly resume normal activity, which may impact only growth rates (Diaz and Rosenberg " 1995). As oxygen concentrations decline further, overall biomass of infauna will become 
concentrated in the shallowest sediment layers in response to sulfide release and lack of oxygen 

' in deeper sediments (Rhoads et al. 1978). Although often physiologically sublethal, migration of 
infauna out of the sediments to avoid low oxygenhigh sulfide concentrations can signiiicantly 

. 

.. . . r 
(Santos and Simon 1980a &d 1980b): 

~ncrease predaaon, as has been shown to occur for the clam Macoma balthica preyed upon by 
flounder (Plotichthysfresus) (Norkko and BonsdorE 1996). Pihl et al. (1991,1992) show that a 
number of common estuarine consumers (spot Leiostomur xanthurus, blue crabs Callinectes 
sapidus, mantis shrimp Squilla empusa) also take advantage of short hypoxic events and can 
briefly withstand the hypoxic conditions in order to feed on these large infaunal burrowers which 
are forced out of their deep sediment refuge. Pihl et al. (1991) measured the return of predators 
to previously hypoxic areas and found that most species (croaker, spot, and blue crabs) did return 
immediately following the disturbance, suggesting that the benthic prey community has some 
value immediately after as well as during a mild hypoxic event. However, when hypoxia is more 
severe, consumer avoidance of deep hypoxic areas may last until fall turnover (Pihl et al. 1991), 
at which time the benthos is likely to be barren of macrofauna and offer no food value to 
demersal predators. 

When organism abundances suffer declines as a result of hypoxia, recolonization by mobile adult 
infauna and by juvenile recruits then occurs (Pearson and Rosenberg 1978, Santos and Simon 
1980a and 1980b, Diaz and Rosenberg 1995). Successional patterns of recolonization will differ 
depending on the composition of the infaunal community both before and after the impact. If 
mass mortality of macrofauna occurs over a large area of the bottom, succession will follow a 
model similar to those described by Pearson and Rosenberg (1978), Rhoads et al. (1978), and 
Santos and Simon (1980a) for recolonization of defaunated sediments @iaz and Rosenberg 
1995). Shallow-bumwing opportunists, definedas organisms having &id growth and high 
reproduction rates such as S. benedicti and capitellid worms, characterize the first stage of 
macrofaunal succession (Pearson and ~ o s e n b e r ~  1978). Meiofauna, especially harp&coid 
copepods, also become much more abundant soon after physical disturbance (Alongi 1985). 
Juveniles of organisms such as M. balthica, and deeper-bumwing polychaetes (both juveniles 
and adult migrants), will be next to move into the disturbed area. The "recovered" community, in 
seasonally stressed habitats such as the Neuse River, is likely to retain a large number of 
opportunistic species in addition to the later colonizers. Long-lived large organisms indicative of 
more stable environments will not be evident since hypoxia resets the succession process each 
summer, favoring dominance by opportunists and transition species (Diaz and Rosenberg 1995). 

Recovery h m  a milder hypoxic event (concentrations remain at or above 2 mg W) is expected 
to be faster than recovery h m  a more severe event, with opportunistic polychaetes, adult 
migrants from sunomding less impacted areas, and adult survivors of the impacted areas making 
up the majority of early successional organisms. Succession occurs faster because there is less 
dependence on the timing of recruitment to bring in colonizers, since survival and migration of 
organisms h m  surrounding areas may be remonsible for the maioritv of the recoverv DroCeSS 



Pattems of macrobenthic succession are sure to have some imuact on higher trouhic levels. 
especially on the productivity and species composition of est-e boa& feed& (Pihl1994). 
As the benthos is recolonized, different successional stages may offer greater (or lesser) benefits 
to different types of demersal consumers, but such hypotheses have yet to be successllly tested. 
In the case of the Newe estuary, early successional communities made up entirely of very small 
shallow-burrowing oppommists (capitellids and spionids) and meiofauna may favor small 
consumers such as shrimp (Hunter and Feller 1987, Pihl1994) and larval and juvenile croaker 
and red dnun (Soto et al. 1998) over larger demersal feeders such as adult fish and crabs. 
Partially recovered benthic communities consisting of remaining opportunists, shallow- 
burrowing polychaetes and small juvenile bivalves could potentidy benefit demersal fish (spot, 

i 2  t4 croaker) and blue crabs, especially since the bivalves are too young to be protected by the refuge 
$4 of depth in the sediments and larger body size (Gilbert 1973, Mausour and Lipcius 1991). A 

I 
n & community approaching full recovery, with deep-burrowing polychaetes and large adult bivalves, 

might be less valuable to shrimp but could potentially favor spot and hogchoker (Trinectes 
macuIatur) which are known to prey heavily on the siphons of large infaunal clams (Hines et al. 
1990, Peterson and Skilleter 1994). 

This study tests a number of predictions about the impacts of summer hypoxicJanoxic events on 
the benthic macrofaunal population of the Neuse River Estuary, North Carolina. Specifically, the 
following predictions were tested: 

(1) Hypoxia a d o r  anoxia will occur at sites deeper than 5 meters with greater severity 
(level of severity defined by the lowest concentration measured and the number of 
different hhypxic events during which it was measured) than at shallow sites in the 
Neuse River Estuary; 

(2) Low oxygen events will have a significant impact on benthic macrofaunal 
abundances, reducing abundance of organisms; 

(3) The role of other physical &tors (salinity and sediment characteristics) in 
determining the distribution of macrofauna will be mom important before and less 
important after hypoxia; 

(4) In June prior to significant anoxia, macrofaunal abundances at depths where hypoxia 
traditionally occurs will be representative of communities undergoing d o n  with 
high numb& of opprhmistic polychaetes. Bivalves (such as ~ & a  balthica) will 
have settled and be significantly more abundant than in September after hypoxia; 

(5) Micopogonias undukztus (Atlantic croaker) diets from hypoxia-a%%cted areas will 
change over time to reflect changes in benthic invertebrate abundanoes. Specilidy, 
as abundances of some macrofauna (amphipods, clams) are depleted by hypoxia, 
items such as small opporhmistic polychaetes will be more important in fish guts in 
September than in June before hypoxia. 
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were collected in 
summer 1997 Md again in June 1998 along transects in the Neuse River estuary as part of the 
Newe Modeling and Monito&g.(arODMON) Project. Dissolved oxygen concentrations in the 
middle of all ems-rivertnmwts t a d  at all sites on 2 transects) were monitored to establish a 
rmhd soale of oxygendejp1Ctipn me& at differsnt sites. Animal abundances were sampled 
before th4.o~~pbD of hypoxic Epnditiow (June 1997) and immediately after hypoxic conditions had 
ended in* &ll fseptanber 1997), and again the f(~1lowing June (1998). Changes after hypoxia 
at deep (affected) ad shallow (unaffected) sites were compared to investigate the effbta of 
depleted q ( g l  on m n c f t ) h d  abuudances. Gut contents of M. rauiulahrs were examined to 
dctermbb ifbenthic prey items shift in importance h m  before to after summer hypoxia 

6.2 Methods 

6.2.1 Study design 

To h i e  the impacts of hypoxia on macrofaunal communities, data were collected along 
fn ihe Newe River (Figure 6.1). Macrofauna was sampled on n=l 1 transects (52,58, 

W, 115,130,148,160,165,175,18~ 190) in June 1997, n=6 transccts (90,115,160,165,175 
and ilidjin &pttmber 1997, and& meets (165 and 175) in June 1998. Hydrographic data 

, is&&, dissolved -) were collected at every site along transects 165 and 175, 
mid-river stations on trmm~ts 90,115,160, and 180, h m  June through September 

I&. PEsh samples were collected &June and September 1998 at four stations in the Neuse 
which ovGtlap transects 165 and 175. 

6.2.2 H$rograpb andphysical data ana&ir 

Hydrogtaphic data were monitored at least biweekly h m  24 June 1997 to 30 August 1997 by 
MODMON investigators with Hydrolab Surveyor 3 and H20 CTD with DO and pH sensors at all 
12 sites on Transects 165 and 175. Dissolved oxygen depth profiles h m  the remainder of the 
trans- (90,115,160 and 180) were taken weekly beginning in June 1997 at one deep mid-river 
station on each transect as a part of the mid-river sampling program (section 3.2.1). These 
profiles were taken with the same Hydrolab equipment wed for transects 165 and 175. Bottom 
dissolved oxygen concentrations at each mid-channel site were plotted against time to show 
assumed duration of hypoxic events over the sampling period. To obtain hypoxia rankings for 
sites more shallow than the mid-river station on transects 90,115,160 and 180, the DO profiles 
fiom the mid-river stations were examined to identify the depth in the river below which hypoxia 
occuned for at least 2 consecutive weeks. This allowed documentation of hypoxia at deep sites 
for summer 1997 and also indicated the depth above which hypoxia did not occur on each 
transect. From those data it was possible to infer whether shallow sites on either side of the river 
had experienced hypoxia and to what extent the middledepth sites (3-6m) were likely impacted. 





L .A.. .A&-* 
. Because the greatest temporal and spatial resolution of dissolved oxygen dynamics could be 

obtained h m  the Transect 165 and 175 data (where ~rofiles were ma& at even site rather than 
only at mid-channel), those two transects we; chosen for closer analyses. ~onktrat ions of 0 2  

at the bottom (within 0.25 metas of the sediment surface) were plotted for each site (n=12) and 
date for which Transect 165 and 175 data were available. Graphic representation was arranged 
by depth, with 2 sites for each depth category on each transect, where shallow is less than 3 
meters, middle is greater than 3 meters and less than 6 meters, and deep is greater than 6 meters. 
In order to give each individual site aranking for the severity of oxygen depletion experienced, 
the lowest 02 concentration and the number of events during which that concentration occurmi 
were determined for each site. The measure of duration of the lowest 0 2  concentration would be 
usefid to ranking hypoxia severity, but because data were collected at 2 week intervals, murate 
duration measures were not available. A ranking of high, medium, or low severity was given to 
each site based on the following categories: ''High" = at least one event during which DO 
concentration was below 0.5 rng& "Medium" =DO never below 0.5 mg5, but at least one 
event with DO concentration below 1 mg/L; "Low" =at most one event below DO concentration 
of 2 mglL and no events with concentrations below 1 mg/L. 

:i 
A Pearson correlation matrix of physical variables (depth, salinity, dissolved oxygen rank, 
porosity, and TOC) was calculated in order to determine which variables (espmeLnally dissolved 

6; 

T f :  
oxygen) were related to depth andlor to other physical factors. Porosity and TOC data was 

- obtained from the sediment studies described in Section 5 which were conducted on the same set 

1 i of transects. Thus porosity (a measure of sediment grain size) and total organic carbon content 

r . *  (TOG as %total carbon) measurements taken in June 1997 were available for all  t~ansects. 
Salinity values for each transect are the average of bottom salinity measurements for June- 
September 1997 taken at the same times and locations as the dissolved oxygen profiles discussed 
above. Numbers for dissolved oxygen used in the correlation matrix reflect the severity ranking 
(llow, 2=medium, 3=high) for each site on transects 165 and 175 determined by the method 
described above. For the remaining 4 transects, a rank of 1,2 or 3 was assigned for each depth 

. ' based on the approximate length of time hypoxia occurred at that depth as inferred h m  the 
AS I weekly mid-river sampling data in the following manner: if hypoxia never occ& at a certain 

depth on a transect, then all sites at and above that depth were ranked with a one (meaning "low 
severity'3; if hypoxia occurred below a certain depth for two or three weeks, all sites on the 
transect below that depth were ranked 3, or "high severiv, depths in between (hypoxic for only 

I 
one week) were ranked with a two, indicating "medium severity!' 

6.2.3 Sampling of benthic macrofauna before and afrer oxygen depletibn 

Benthic macrofauna was sampled on a total of 11 transects in June 1997, spanning the estuary 
h m  New Bern to the mouth of the Neuse (Figure 6.1). Two each of shallow (Om), deep 
(%m), and middle-depth (3-6m) sites were sampled across most transects (see Benthic Ecology 
data in MODMON data archive for site location coordinates and depth information on each 
bransect and site). Coordinates for each site correspond exactly to coordinates for which the 
sediment analyses and hydrographic analyses were conducted. A subset of six transects (90, 115, 
160,165,175,180), chosen to cover the whole estuary, was re-sampled in September 1997. 
Sites on transects 165 and 175 were again re-sampled in June 1998 because those transects had 



the most detailed accounts of dissolved oxygen conditions at each site fiom the previous - 
summer. 

All benthic samples were collected by SCUBA divers with aluminum cores of 10 cm diameter 
and 25 cm height (sediment surface area sampled by one core = 78.5 crd ). Ten replicate 
samples were taken at each chosen site on each sampling date (total samples n=l,OOO, with 620 
in June 1997,320 in September 1997, and 60 in June 1998). Each individual core was emptied 
into a one gallon plastic bag (with a waterproof label which was kept with the sample throughout 
the process) and kept on ice, and samples were then sieved through 0.5- mesh in the lab 
within 24 hours. Atter sieving, all material which did not pass through the mesh was prese~ed 
in 10% buffered formalin and stained with rose bengal. 

From the 10 replicate samples at each site, 5 were randomly selected for analysis, while the 
remaining 5 h m  each site were archived. Each benthic sample to be analyzed was transferred 
fTom formalin into 70% ethanol and then meticulously sorted. All invertebrates, whole and 
hgmented, and articulated bivalve shells were picked fium the remaining sediment and organic 
debris. This refined sample was then examined with a dissecting scope (Wild, 6-SOX) and all 
organisms were identified to the lowest possible taxonomic category. The number of families 
present at each site was counted and averaged by depth to give a mean family richness index for 
each depth on each transect. Bivalves of the genus Macoma were measured (shell len& in mm) 
and classified as recruits (if shell length < 2 I&) or adults (shell length > lo'-) ( ~ i g e r t  1973). 
Taxonomic keys used to identify invertebrates included: Gosner 1971. Bousfield 1973. Abbott 
1974, Banse &d ~obson  1974, FOX and Bynum 1975, ~obson  and ~ & s e  1981, ~ebeiacker and 
J o h o n  1984, Rupert and Fox 1988, and Kensley and Schotte 1989. 

6.2.4 Fish gut content ana&ses 

Fish diet analyses were performed on a subsample of 20 Micropogonias mddatus (Atlantic 
maker) collected fiom 2 minute rnangwse trawls (mesh 1 718" with 1 112" thread bag) at 12 
sites (on transects 165 and 175) in May, June and September 1998 by L. Eby, Duke Marine Lab. 
Data h m  before and after oxygen depletion (June and September) at the same site were 
available for only 4 of the sites, and gut content data h m  all other sites is included in the 
MODMON data archive. M. undulatus was chosen for its abundance, commercial and 
recreational importance, and because it is h o r n  to consume benthic prey such as bivalves and - 
polychaetes (c& and Musick 1977, Cunin et al. 1984). Fish were kqt-on ice in the field and 
fiuzen immediately upon return to the lab. Fish were later dehsted and body index 
measurements were taken (body weight, total length, standard length, body depth at pectoral jin, 
body depth at anal fin, body girth). Stomachs were dissected (anterior of the pyldc sphincter), 
weighed (wet weight), and p r e 8 ~ ~ e d  in ethanol with rose bengal stain. Gut contents were 
identified to the lowest possible taxonomic level (usually to class level). The number of each 
type of item present in a stomach was counted and recorded, and the pacent of total stomach 
volume made up by each item was also recorded. For each fwd item, three separate values were 
acquired: total percent hquency of occurrence (03'8) (calculated for each site and date 
combination), percent of total number (%N) (calculated for each individual fish), and percent of 
total volume (%V) (calculated by counting the number of 1 mm x 1 mm sqnares covered by each 
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type i f  item, hen d e t e d t h L p e r c e n t  of total vol&e 'in that stomach of each different type 
n, 

. . of item in each stomach). These percentages were then used to calculate an index of relative 
importance (Rl) and a modified index (36) (Pinkas et al. 1971, Hayse 1989.): 

Because many of the items r d e d  were hgmented, such as siphons, polychaetes and shell 
pieces, the number value can misrepresent the actual amount of the diet made up by these items. 
For this reason the MI was calculated, since it disregards the numerical count of items and 
depends only on volume and fkqumcy of occurrence. Once IRI and MI values were calculated, 
means for each site and date combination were compared to identify differences in diet 
composition. Two-tailed T tests were performed (by date) to identify sigdicant changes in MI 
values from June to September. 

6.2.5 Statistical analyses 
-1 

D. To reduce the number of dependent variables and to enhance the effectiveness of multivariate 
analyses (Clarke and Warwick 1994), and because species-level identifications were only made 
for a subset of organisms, tam were aggregated into family groupings. For two organisms, 

,-t; 4 M m m a  balthica and Macoma mitchelli, species-level analysis was possible. For the 
, ~~l~ calculation of richness, the number of families represented in each core was counted and 

averaged for each depth. Pearson correlation matrices were calculated to detect significant 
relationships between physical factors (depth, dissolved oxygen, salinity, porosity&d TOC) and 
macrofaunal abundance in June and September 1997 and June 1998. 

Simple statistics were obtained by computing the average number of individuals per core for the 
'five replicate cores at each site and date (with standard deviation and standard error) for M. 

? ~ , n  MaIfhica, M. mitchelli, spionids and capitellids. The two sites for each depth (n=3 depths) were 
l&combined in bar graphs to depict abundance levels by depth on different dates and transects for 
,:I%M. balthica, M: mitchelli, spionids and capitellids. To test whether differences between dates 

here  sigdicant for each taxon, an analysis of variance (ANOVA) model was tested comparing 
~~@mrofiumal abundances (transformed by log(x+l)) on different dates by depth, with sample site - 
- 1 @wo per depth) nested within date and adjusting for error appropriately. Bonfmni t-tests of 

differences between means with a sigdicance level of p<0.05 were used to identify significant 
dBkrences between specific dates. 

Multivariate analyses comparing abundance pattems of benthic macrofauna were conducted in 
SAS by principal components analysis (PCA ordination) and hierarchical clustering. Abundance 
data were transformed by log(x + 1) befare multivariate analyses in order to reduce the 
weighting of very abundant organisms (Green 1979, Clarke and Warwick 1994). Cluster 
analysis creates a Bray-Curtis coefficient matrix (on transformed animal abundances for each 
replicate) in which the pairwise similarities are calculated. From the matrix of these coefficients 
a tree diagram (cluster) is produced, in this case by the average linkage method which links 
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gh levels of 6 i t y .  Abundance data for for organism 
clustered for h e  and Septemba 1997 separately to identify changes in the 

commiWy composition between the two dates. PCA ordination was 
to display the ipten-elationships of different sites on a wntinwus scale where the 

the ~rdinatio~plotreaects the airnilarty of the relative faunal 
The two axes of thePCA plots represent the two principal 
force majority of Ohevariation (>700?) and indicate the animal' 

between 1. md-i) which control site placement along the axes. 
(PC1 and PC21 explained 70%or more of variation in every 

analysis. Thus the plots are very reliable and simhity distmcea me well-preserved even when 
i : p r b j d  onto a 2 dimensional plot (Clarke and Warwick 1994). Ordination plots were 

transects (90,l. 15) and low river transccts (160,165,175; : ':! 
.$ m) ~~~ to discgn seasonal differences more accurately by removing the dominating effect:, . ,, 

of saliaty on benthic commuuity wmposition. PCA plots were constructed for June and 
Septeniber separately based on: (1) all animal abundimce data; (2) just Macoma (both spec$*: 

,, I 
: 'combined) gnd (3) spionids and capitellids com$ined to test if the entire community change - 

pattemcourcl$e reproduced by a subset of thq.mast abundant and potential "indieatof' -I 
organism$, Ordination analyses on overall animal abundance data were performed at two lev b '. 

initially, first on all major taxa groups (25 families, see Table 6.1) and then on 8 aggregated 
groups (spionids, capitellids, other polychaetes,~ tdhids, amphipods, isopods, gastropods, 
chironomids). There was no difference between resulting plots; ordination was identical 
whether done at family level or on 8 larger taxa gonpings. For the analysis presented here, 
latter method was most appropriate because fewergtoups allowed for much clearer - -  - 
of ordination axes. 

I 

6.3 Result8 

6.3.1 Hydrographic and sediment analyses 

total, association of depth with severity of hypoxia (Table 6.2). The rankings were determined 
from Figures 6.2 and 6.3 which plot the bottom water O2 concentrations over time for each site. 
All 4 deep sites received rankings of "high severity" based on at least 2 separate events with < 0.5 
mg/L DO concentration (Table 6.2). One middle depth site (175B) also received a high severity 
ranking. Of the other 3 middle depth sites, two had medium severity (165N, 175L) and one had 
low severity (165B). The only other sites with low severity of hypoxia were both shallow (165A 
and 175N), while the two remaining shallow sites (1654 and 175A) had medium severity of 
hypoxia 

Data from mid-river pdiles were used to plot bottom water DO concentrations over the course 
of the summer for transects 90,115, and 160 (Figure 6.4). Transects 90 (below 3 m) and 160 
(below 5.5 m) clearly indicate sustained levels of hypoxia below 2 mg/L for at least 2 weeks, 
while data from transect 180 were not collected ftequently enough to establish a reliable plot. 
Transect 11 5 conditions must be inferred fhm the data collected on transects 110 and 120 to 
either side. These 



Table 6.1: Benthic infauna represeated in the Neuse River Estuary. Species are listed for which 
identification was possible. 

Phylum C n i e  
Order Actinaria 
Family unknown (only one specimen found) 

Phvlum Molluscq 
Class Bivalvia 

Family Tellinidae: Macoma balihica (Lirme), Macoma mitchelli @all) 
Family Mactridae: Mulnia laferaIk(Say), RMgia ctcneafa (Sowaby) 
Family Veneridae: Genvna gemma (Totten) 
Family Lucinidae: Parvalucinea mulfilineata (Tuomey and Holmes) 

Class Gastropods 
Family Acteonidae 
Family Nassariidae 
Family Pyramidellidae: Odostomia sp. 
Family Hydrobiidae 
Family Cerithiidae: Diastoma sp. 

Phvlum Annelid@ 
Class Polychaeta 

Family Capitellidae 
Family Spionidae: Sb.eblospio benedicti (Webster), Scolecolepides 

viridir(Vari11) 
Family Nereidae: Nereis mccinea(Frey and Leuckart) 
Family Ampharetidae 
Family Elmicidae 
Family Glyceridae 
Family Sphaerodoridae 
Family PhyllodOcid.de 

Phvlum ArthroDoda 
Class (2NSkma 
Order Amphipoda 

Family Haustoriidae 
Farmly Oedicerotidae: M o d o i d e s  edwarclsi (Hohes) 
Family Gammaridae 

Order Isopoda 
Family Sphaeromatidae 
Family Idoteidae: Idofen balfhica (Pallas) 
Family Anthuridae: Cyathwapolita (Stimpson) 

Class Insecta 
Family Tcndipcdidae (midge larvae) 
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Table 6.2: Hypoxia severity mkings with explanation of ranking level for each site. Sites are 
arranged by transect ftom north to south across the river (see Figure 6.1) 

Site ( Depth I Hyporin Severity 1 Reasoning I 
165 A Shallow Low DO concentration never below 2 @. 
(north I 

I 
I concentration below 2 mg5 only once. 

I I 1 events. 
165 I 1 deep 1 High I W concentration below 0.5 mp/L during 2 

I I 1 events. 
165N 1 middle 1 Medium 1 DO concentration below 1 mg/L during one 

I event. 
165 Q shallow Medium DO concentration below 1 mg/L during one 
(south event. 
k) 
175 A shallow Medium DO concentration below 1 mg/L during one 

event. 
bank) 
175 B middle High DO concentration at or below 0.5 @ 

during two events. 
175 E deep High DO concentration below 0.5 mg/L during 3 

events. 
175H deep High DO concentration below 0.5 mfl during 2 

events. 
175 L middle Medium DO concentration below 1 mgL during 2 

events. 
175 N shallow Low DO concentration below 2 mg&. only once. 
:south 
lank) 





Figure 6.4 : Bottom dissolved oxygen concentrations at one mid-river deep station on 
each transect over the summer of 1997. Values indicate the highest limit of DO for that 
time period. Transect 115 DO conditions can be inferred from transects 110 and 120 to 
either side. 
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Although concentrations dipped below 2 mg 02/L on 5 separate occasions on transect 110, data 
do not suggest a sustained hypoxic event of at least 2 weeks in duration (Figure 6.4). Conditions 
at transect 180 can be realistically inferred fbm the data available, which suggest that hypoxia 
did occur there on at least 2 occasions, and &om high resolution data available for transect 175 
nearby (see Figure 6.1). Although the period of most sustained hypoxia at other sites (late July- 
early August) was not sampled on transect 180, it is likely that hypoxia did occur at this time 
given the conditions on transect 175. 

Inference of hypoxia impact at sites shallower than the river bottom at mid-channel sampling 
station for transects 90,115,160 and 180 was done using profile maps constructed by 
MODMON investigators (Table 6.3). From these data, it is obvious that any site on any of our 
transects deeper than 4.5 meters was impacted by hypoxia on at least one occasion. Thus all 
deep sites receive high severity rankings, and middle depth sites on transects 110 and 120 
(equivalent to 115) and 90 are also ranked at high severity since they experienced approximately 
2 weeks or more of hypoxia during one event. Transects 160 and 180 do not have middledepth 
sites. AU shallow sites (except those on transect 90) receive low severity rankings, since hypoxia 
never occurred shallower than 3 meters. Transect 90 shallow sites below 2.5 meters were 
impacted at least once by hypoxia (Table 6.3), thus they receive medium severity rankings. 

Table 6.3: Inference of hypoxia impact at middle and shallow depths &om mid-river DO profiles 
in Figure 6.4. 

Depth (meters) below which hypoxia occnrred: 

Transect Max. water depth At least once Approx. 2 wceb > 2 weeks 

90 3.5 m 2.5 3 3 

110 4 m  3 3.5 Not measured 

120 4.5 m 3 3.5 Not measured 

160 7 m  4 5.5 Not measured 

180 7 m  4.5 Not measured Not measured 

From the hydrographic plots (Figures 6.2-4), the most severe bottom hypoxia events occurred in 
July and early August of 1997, with a biief return to oxygenated conditiom at deep sites before 
sho&term hypoxia again in early September. ~hese data demonstrate that the benthic 
macrofauna samples taken in late September 1997 were taken within one week after the last 
hypoxic events i f  the season. 

- 

Calculation of a Pearson correlation matrix for physical data (Table 6.4) revealed that 
severity of hypoxia (indicated as "dissolved oxygen") was more strongly correlated with depth 
(14.85) than with any of the other factors, indicating that the most severe hypoxic conditions 
occurred at deep sites. Additional factors exhibiting significant correlation with depth include 
porosity (14.81) and TOC (!=0.81), indicating that sediments underlying deep water are h e  
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grained and muddy and have a higher percent organic carbon than at shallow sites. Porosity and 
" A  
3 TOC were the most strongly correlated with each other (1=0.96), and both were also correlated 

> - .: with dissolved oxygen (F0.75 for porosity and 14.78 for TOC), probably because both factors 
" are correlated with depth but also because fine grained sediments allow a greater slnface area for 
4 organic carbon and oxygen to attach, increasing rates of oxygen depletion by OM degradation. 

Salinity was weakly correlated with TOC , porosity, and dissolved oxygen (Table 6.4) because 
salinity differs not by depth but by transect, with high salinity near the river mouth and lower - . .T ., salinity upriver. 

' *;:: 
Table 6.4: Pearson correlation coefficients between physical factors. Asterisks denote p value: 
O.Ol<p<0.05 *; 0.001<p4.01 **; pc0.001 ***. "Dissolved oxygen" categoryis hypoxia 
severity ranking for entire summer 1997. 

6.3.2 Desniption of macrofaunal community 

The same few macrobenthic invertebrates were numerically dominant on each transect, 
regardless of the time of year. Capitellid and spionid polychaetes were among the top four most 
abundant organisms on every transect (except 180) in June 1997 and on every transect (except 
175) in September 1997 (Table 6.5). In June 1997, transects 52 through 130 had chironomids as 
one of the top four most abundant organisms. From transect 115 to transect 190. Macoma 
balthica was among the top four most abundant organisms for each transect in June 1997 (Table 
6.5). Mamma mitchelli was also in the top four in these lower river transects (130,160,165, 
180) in June 1997. Also in June 1997, for 2 transects (175 and 180), haustorid amphipods were 

< 

the foutth most numerous organisms. By September 1997, M. bdthica was among the top four 
.-dmost abundant on only 3 of the 6 transects sampled (160,175, and 180) (Table 6.5). M. 

- JdmitcheIIi was among the top four on d but one transect (180), and nereids were among the top 
-;four on all but 2 trans& (90,175). As in June 1997, spionids were among the top four most 
wbundant organisms on all transects, and capitellids as well on all but 2 tmnsects (160,175). 

When the organisms were averaged by depth (Table 6.6) as opposed to by transect (Table 6.5), 
'--We same organisms remained high in abundance over all depths. Capitellids and spionids were 

ikrmong the top four numerically dominant for every depth on every date (Table 6.6). M. balthica 
among the top four except in September 1997 (deep and shallow sites) and June 1998 

shallow sites). M. mitchelli was also one of the top four most abundant organisms, Cyathwa - P 
polita were more abundant at shallow depths than at middle and deep. 
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Table 6.6: Average number of organisms per core, by depth and date 

2 
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the negative correlations between animal abundanci i d  sites &ere the most severe hypoxia 
occurred increased for every organism tested (except chironomids), with the greatest correlation 
strength increases occurring for M. balthica, capitellids, and other polychaetes (Table 6.7). Thus 
all o&nisms, except chironomids, had lower abundances in ~ept&ber than in June at the more 
severely hypoxic sites. 

6.3.3 Family richness comparisons between dates 

Between June and September 1997, the mean number of families present per core (family 
richness) at deep sites showed trends of either decreasing or remaining the same, while at 
shallow sites family richness showed trends of either increasing or remaining the same (with the 
exception of transect 160 which decreased slightly) (Figure 6.5). Middle depth sites d i i t e d  
mixed trends of richness decrease, increase, and no change between June and September 1997, 
depending on the transect (Figure 6.5). By June 1998, richness values remained similar to 
September 1997 values at all sites except 175 deep, which showed an increase from an average 
of < 1 family present to an average of > 2 families present. Overall, mean f d y  richness was 
higher at shallow sites than at deep sites in June (mean of 3.6 vs. 2.2 families). The total number 
of familes represented in the river was 25 (see Table 6.1), although the mean number 
represented in any given core was never more than 6. The two transects nearest the mouth of the 
estuary, numbers 175 and 180, exhibited low richness in June at both shallow and deep sites, 
while the September values were similar to the other transects in each group for that time. 

6.3.4 Macrofaunal abundance comparisons between dates 

Benthic infaunal abundances exhibited differences between June and September 1997 and 
between deep and shallow sites. Untransformed raw abundance data for every transect, including 
those sampled in June only, are contained in the MODMON data archive. For the purposes of 
this study, only the six transects sampled before and after hypoxia in 1997 (which includes the . 
two transects re-sampled in June 1998) are analyzed here. Four main categories were examined 
(M. balthica, M. mitchelli, spionids and capitellids), chosen on the basis of their high abundances 
in this study and their importance values to demersal consumers in the Neuse (Hines et al. 1990, 
also see gut content data for M. undulatus presented here). Other animals would have been 
interest& to examine, such as potentially-sensitive amp~pods and isopods, but their abundance 
and distriiution was so limited that analysis did not reveal siRnificant differences in abundance - - - 
between dates at any of the sites. 

Abundances of M. balthica at mauy sites exhiiited significant changes between June and 
September 1997. M. balthica was relatively abundant (> 5 clams per core on average) at deep as 
well as shallow sites on Transects 160 and 165, and at 175 middle sites, in June 1997 (Figure 
6.6). Other transects exhlited lower abundances (< 5 clams per core) in June 1997 at all depths. 
September 1997 abundances were signiticantly different from June 1997 at 6 of 16 sites (Table 
6.8). Of those six, 4 (all deep sites) experienced a decrease in clam abundance from June to 
September. Population abundances increased significantly at shallow sites on transects 175 and 
180 close to the river mouth (Table 6.8). M. balthica adults were absent entirely at deep sites 



Deep Sites 

Middle Sites 

90 115 165 175 

Transect 

Shallow Sites 

Figure 6.5. Mean number of families per core (n=10) at deep, middle and shallow sites. 
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90 115 160 
Transe g5 175 180 

Figure 6.6 Mean abundance per core (n=lO) by depth and transect for M. baMica 
Bars are one standard error above and below data point. 



Table 6.8: Macoma balthica abundance differences between dates, tested by 
ANOVA comparing dates by depth, with site nested within date. 
Significant differences (f) from Bonfemnni t-tests between means (p<0.05) 

Dates I June 97- Sept 97 June 97 
S e ~ t  97 -June -June 

* decrease 



in September, although there was one recruit present at one deep site each on transects 115 and 
180. Middle sites (on transects 165 and 175) and shallow sites (on transects 115,160,165,175, 
and 180) all had at least one adult M. balthica present in September, and each of those sites also 
had some percentage of juvenile &ts at that time (Figure 6.7). 

From the two transects re-sampled in Juma 1998, all but one site showed no si@cant change in 
M. balthica abundance h m  the degleted Satember 1997 levels flable 6.8). One shallow site 
(transect 175) showed a significant'decnaseh.om September 97 tb June 98: 

Mawma mitchelli abundance pattam were very different &om the congeneric M. balthica. Four 
of 16 sites showed significant chaage &om June 97 to September 97 (Table 6.9). Two of those 4 
sites (both deep) exhi'bited sigaifiosst incnases in abundance, while the other two (both on 
busect 160) decreased significantly @ i i  6.8). The majority of M. m W I i  pment in 
September 1997 were new recruits (< 2 mm shell width) (Elizabeth Thomson, 1998, University 
ofNorth Carolina,pers. obs.). By June 1998, only the abundances at deep sites ontransect 165 
had changed, decreasing significantly from the abundance levels of September 1997 (Table 6.9). 

Capitellid polychaetes decreased sigdicantly at 3 deep sites and did not change at the ranaining 
3 deep sites from June 97 to September 97 (Table 6.10, Figure 6.9). One shallow site (transect 
160) showed a significant decrease h m  June to September 1997, while one shallow site 
(transect 180) showed a significant increase in capitellid abundance by September 1997. No 
middle sites showed significant changes between June and September 1997. There were no 
significant changes between September 97 and the following June 98 for any of the sites. Very 
high abundances (average > 100 worms per core) of capitellids were sampled in June 1997 at 
shallow sites on transect 165 ( F i p  6.9), which is located at the mouth ofthe South River 
downstream h m  Open Grounds Farm (Figure 6.1). 

Spionid polychaetes decreased at 1 shallow site (transcct 160) and inCrtaSBd at one shallow site 
(trausect 175) between June 97 and September 97 (Table 6.11, Figure 6.10). Shallow sites 
uniformly had much greater abundanccs than deep sites (10-20 vs. 1-2 individuals per core) on 
all dates sampled. One middle depth site (165) &Wed a significant decrease in spionid 
abundance h m  June to September. 'I% of 6 sites (165 middle and 175 deep) showed - 

increased abundances between September 1997 and June 1998, while the other 4 sites showed no 
significant change. 



Middle Sites - Percentage of new recruits of 
M. balthica 

Shallow sites - Percentage of new recruits of 
M. balthica 

Figure 6.7: percent of M. balmice present in September as juvenile recruits (C 2 mm'shell 
width) or as adults (> 10 mm) (Deep sites not plotted because only 2 recnrits total were found) 



T a w  8.9: Macoma mitchelli abundance di between dates tested by 
A N O M  comparing dates by depth, with site within date. 
Significant differences (f) from Bonferonni t-tests between means (p<0.05) 

90 
shallow' ns 
middle ns 

ns 
ns 
* increase 

* decrease 



Macoma mitchelli 

Deep Sites 
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Shallow Sites 

F ~ ~ I U C  6.8: Mean chmdmm per core (1~10) by depth and trsasect for M. mitehefli 
Barspnonestandrrdar0r'abo~~birl01~datapoint. 



Table 6.10: Capitellid worm abundance differences between dates tested by 
ANOVA mmparing dates by depth, with site nested within date. 
Significant differences (*) from Bonferonni t-tests between means (p<0.05) 

90 . 
shallow ns 
middle ns  

I * increase I 
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Figure 6.9: Mean abundance per core (n=10) by depth and transect for capitellids 
Bars are one standard error above and below data point. 
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Table 6.1 I: Spionid worm abundance differences between dates tested by 
ANOVA comparing dates by depth, with site nested within date. 
Significant differences (*)from Bonferonni t-tests between means (pc0.05) 



Spionids 

Deep Sites 

Middle Sites 

Shallow Sites 

8 0 .  

Figure 6.10: Mean abundance per core (n=10) by depth and transect for spionids 
Bars are one standard error above and below data point. 
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6.3.5 Results of hierarchical clustering and Principal Component Analysis (PCA) 

Multivariate analyses also described changes in the benthic community sttucture h m  June 97 to 
August 97, and they indicate that depth became a much more important segregating h t o r  in 
September. The hierarchically clustered tree diagram for June 1997 (Figure 6.11) is organized 
strongly by transect number. Transects located high in the river (transects 90 and 115) are 
grouped together, while all sites from transects located lower down the river (transccts 160,165, 
175, and 180) are grouped out separately into the three remaining major clusters. The 
substructure of this cluster diagram is by depth. Shallow and middle depth sites from transect 
165 are clustered together early in the process, at the bottom of the tree diagram. The tree 
diagram for the same sites in September looks markedly different (Figure 6.12). Two large 
clusters form immediately, based entirely on depth - the top cluster is all shallow sites plus a few 
middle ones, and the remaining cluster is all the deep sites and the majority of the middle depth 
sites. Within these two major clusters there is not much association by transect, as high river and 
low river transects are interspersed throughout. 

PCA allowed the separation of different communities along two different axes accounting for at 
least 70% of the variation in community composition. High river sites (transects 90 and 115) 
were analyzed separately because the effects of differing salinity between high and low transects 
can obscure the presence of other factors, especially before hypoxia (June). In June 1997, 
analyses of all taxa shows that communities at high river sites were defined mostly by relative 
abundance of spionids, capitellids, and chironomids, as denoted on the plot axes (Table 6.12, 
Figure 6.13). There is some separation on the plot between depths, for instance deep and many 
middle sites group towards the bottom left comer indicating lower chironomid and lower spionid 
abundances. In September 1997, separation of sites by depth is more pronounced (Figure 6.14). 
The principal components in this plot are dependent on Macoma mitchelli and spionid and 
capiteellid distributio~s (Table 6.12). AU deep and all middle sites now group together in the 
direction of low capitellid and spionid abundances and low M. mitchelli abundance, while all 
shallow sites group towards high abundances of those organisms on the principal component 1 
axis (x axis) 

Low river communities (transects 160,165,175,180) on the June 1997 PCA plot of all taxa are 
differentiated mainly by capitellid and spionid abundance (Table 6.12, Figure 6.15). One group 
of shallow sites is high on the y axis with very high capitellid abundances. The remainder of the - 
plot is fairy well mixed, although some shallow sites group lower on the y axis with higher 
spionid abundances and fewer capitellids. In Se~tember. these low river sites show a clearer 
separation (Figure 6.16). All det$ sites are grouped lowson the x axis and high on the y axis 
because of low Macoma (both species). Shallow and some middle sites tend toward a higher - 
abundance of Macoma, and toward higher numbers of capitellids. 

PCA of just Macoma sp. and just capitellids and spionids create similar patterns of change in 
benthic community composition by depth h m  June to Septembu. For the hi& river sites - - 
analyzed for Macoma, June all sites are mixed without Elear groupings on t& plot (Figure 
6.17). In September, all but one of the deep sites are so similar to each other that thev overwrite 
each other at that point on the plot (Figure 6.18). Shallow and middle sites are placei higher 
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Table 6.12: Eigenvectors for prinapal components 1 and 2 (x and y plot axes) in 
each analysis, separated by river height 
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than deep sites on the x-axis in the September plot, indicating higher M. mitcheUi, but many sites 
of all depths are low on the y-axis, indicating low M. balthica (Table 6.12). This pattern is 
similarly reproduced by the PCA for low river transects (Figure-s 6.19 and 6.20). For low river 
transects, the June ordination plot has an x-axis of increasing M. balthica abundance and a y-axis 
of increasing M. mitchelli abundance (Table 6.12, Figure 6.19). Deep sites are mixed with 
middle and shallow sites in June, although deep sites are slightly grouped at a loqljon lower on 
the y-axis (fewer M. mitchelli). In September, the x-axis represents increasing Macoma (both 
species) toward the right, and all deep sites are clustered to the left, signifying an abmce of 
clams (Figure.6.20). Again, because deep sites were so similar, almost all are o v g w r i ~  at a 
single point on the plot. Shallow and middle sites are scattered across the rest of the plot, many 
are high on both axes, indicting higher abundance of both Macoma species than at deep sites. 

When the two polychaete families of capitellids and spionids are analyzed together, PCA plots 
again indicate changes in commuuity composition between June and September as a function of 
depth. For high river transects, in June the deep sites are grouped together low on the x-axis 
(indicating low spionid abundance), while the shallow and middle sites are scattered up the same 
&is (Fig& 6.2G. There are no clear groupings on the y-axis, which represents in&ing 
numbers of cauitellids (Table 6.12). In September, all but 4 of the deep sites are again 
overwritten at; single point because of v& high similarity, and they &e placed low on the x- 
axis which now represents low abundance of both capitellids and spionids (Figure 6.22). The 
four deep sites not overwritten are plotted at relatively large distances h m  all other deeps; two 
of them are plotted very high on the y-axis (high capitellid abundance) and are likely from 
transect 90 which showed a trend of increasing capitellids between June and September. All 
shallow sites in Figure 6.22 are placed very high on the x-axis, while middle sites tend to group 
more with deep sites and are overwritten as well in some places due to high similarity. There is 
no clear differentiation of groupings up the y-axis which represents increasing capitellids and 
decreasing spionids (Figure 6.22). Low river transects depict a similar pattern. The June plot 
shows differentiation of deep sites based on spionid abundance, again by the x-axis (Figure 6.23). 
In September, deep sites remain separated, but on the basis of low total capitellid and spionid 
abundance, represented by the x-axis (Figure 6.24). Middle and shallow sites are scattered to the 
right of the deep sites indicating higher abundances of both polychaete families at shallower 
depths in September, and there are no clear groupings of sites on the y-axis (which indicates 
increasing capitellids and decreasing spionids). 

6.3.6 Gut content anabses of Micromo~onias undulatus 

Gut content analysis of croaker revealed that a n u m k  of food items shifted in importance 
between June and September 1998 at the 4 sites (517,521,523, and 529, all > 5 meters deep, see 
Figure 6.1) which were sampled both before and after hypoxia (data from all 12 sites are listed in 
the MODMON data archive). While a very wide range of items was found in the fish stomachs 
(Table 6.13), by both the and MI val& their gut&ntents were made up predominately of 4 
diffaent items: shell, tissue, polychaetes, and plant matter. ''Tissue1' is clam or worm tissue 
which has been digested to an extent which prohiiits positive differentiation. These 4 items all 
had MI values approaching or above 1,000 for at least one of the two dates, while the other food 
items almost never reached an MI of 500 (Table 6.13). 
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principal components, based on Eigenmtors (Table 6.12). 

144 

.-. 



'Low 
b4.m 

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 
PRINl High Macoma 

d* remaining deep sites overwritten in this location @oth specie) 
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Figure 6.21: PCA plot (capitellids and spionids) for high rivcr transects (90 
and 1 IS), June 1997. Symbol signifies depth. Axes bear descriptions of 
principal components, based on Eigenvectm (Table 6.12). 
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Figure 6.23: PCA plot (capitellids and spionids) for low river trans& 
(160,165,175,180), June 1997. Symbol signifies depth. Axes bear 
descriptions of principal components, based on Eigenvcctors (Table 6.12) 
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Table 6.13: %Frequency, % Number, % Volume, IlU, and MI values for every item found in guts 
of fish h m  Sites 517,521,523 and 529 from both dates (n=20 fish per site and date, all sites 
approximately 5 meters deed. 

SrrE 

DATE 

Shell 
TIssue 
siphon 

.".~phIpod 
Pdychaete 
Plant 
Scale 
Fuh bone 
Unldentifiec 
Shrimp 
Crab 
Insect 
Chim~mid 

Copepcd 

h p o d  
m i d  
lsopod 
Nematode 
Osbamd 

Wbopod 

s m  
DATE 

Shell 
Nrsue 
Siphon 

Amphipad 
pdychaete 
Plant 
scale 
Fish bone 
UnidenWIec 
Shrimp 
Crab 
IW 
ChIromM 

Copapod 
-pod 
mu 

Nwnatode 
Osbdmd 

G-bopod 

I 

June1 septl June1 Septl June1 Septl June1 Sept 
52.941 4211( 80.001 37.501 68.421 52.631 47.061 75.00 

%Volume 

517 521 523 529 

June Sept June sept June1 Sept June1 ~ e p t  
19.53 726 54.10 5.25 0.161 6.11 20.881 9.80 
90.12 32.16 16.60 29.25 
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% Nmbw 

517 621 523 529 

June Sept June Sapt June Wt June Sepf 
23.20 7.00 4024 8.61 43.27 456 2150 8& 
35.26 38.39 24.81 38-57 4558 43.59 4532 &.60 
0.35 0.00 0.00 0.00 0.00 0.49 245 0.32 
0.00 0.20 0.00 0.28 0.00 0.38 0.00 0.00 
9.69 17.25 13.84 10.75 0.83 11.36 8.23 18158 
0.00 12.74 0.00 6.80 4.82 28.11 0.41 19.79 

19.41 11.95 8.52 0.45 4.29 3.23 1259 294 
821 9.01 2.50 2.02 0.53 0.26 274 1.80 
0.00 0.00 0.00 0.00 0.00 0.00 0.24 0.00 
0.00 1.71 0.00 0.00 0.00 7.08 0.00 0.00 
0.00 0.00 0.00 270 0.58 0.00 0.00 0.00 
0.00 0.00 3.24 0.00 0.00 0.17 0.00 0.00 
0.00 0.00 024 0.00 0.00 0.36 0.00 0.00 
0.00 0.00 0.00 33.71 0.00 0.39 0.00 0.38 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5.88 0.68 0.00 0.00 0.00 0.00 5.88 0.00 
0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.35 1.20 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 
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f shell tissue polychaete plant 

Food Item 

Figure 6.25: Importance (MI) of food items in diets of Atlantic croaker 

Analysis of the maker diets thithese 4 sites indicates that the impomme of tissue in fish diets 
d~notsbngbbetwecn June and S~tanbir (Figure 6.25). Bowever, &eer-imporfanCe v d m  of 

si@ficantly (p4.05) beSween dates. V&lk mt 
.12), the impoitsnce$f shell (indicating bivalves, Mam& ~. imt ' I j lBr ly)  

6.4 Discussion 

in hfhd abundance and community structure of the benthos are well 
estuarine systems in the eastern U.S. (Tenore 1972, Vimstein 1977, Holland 

et al., 1980). We predicted that significant changes would ~ x u r  over the course of one summer 
ia the Neuse Riva Estuary benthic community, and that changes would be more dramatic in 
areas experiencing severe hypoxia Although the presence of a wide array of physical and 
biological factors which are known to affect benthic community composition does make it 
diftlcult to determine the relative contribution of any one component, the data reported here give 
strong evidence that hypoxia caused the observed impacts on macrofaunal community 2 
composition between June and September 1997 in the deep habitats of the Neuse River. . . . ..;1 



Pattern of change in macrofaunal communitiesfrom June to September 1997 

analyses performed on all taxa, especially hierarchical cluster analysis (Fig. 6.1 1 
6.12) revealed that while transect location (up- or downriver) was an important determining 
factor of benthic community composition for part of the year, by summer's end, hypoxia became 
a much stronger factor in determining animal abundance distributions. It has been noted in other 
studies (e.g. Holland et al. 1987) that salinity is often the primary factor structuring communities 
in the spring after recruitment, but that depth becomes the strongest determinant of community 
composition after summer hypoxia has occurred. In this study, only Macoma (both species) and 
chironomids were significantly correlated with salinity in June 1997 (Table 6.7). M. balthica 
retained that correlation with salinity in September, but it was the weakest correlation in 
comparison to the r values for all other physical factors. The negative correlation of M. mitchelli 
with salinity was also weak compared to the strength of the depth correlation. Thus even thou 
salinity did not explain all of the differences in community composition before hypoxia, it w 
even less important after hpoxia 

correlated with severe hypoxia sites by the end of the summer. Dissolved oxygen itself was 
strongly correlated with depth, porosity, and TOC. Of those 4 physical factors, the only one th 
can fluctuate over the course of one summer is dissolved oxygen. Depth does not change, and 
because the porosity and TOC measurements are integrated over the top 2-3 cm of sediment 
(representing approximately 4 years of sediment accumulation at the observed rates of 5mm 
sediment per year), month-to-month changes are not appreciable (Erika Clesceri, 1997, 
University of North Carolina, pers. comm.). Thus while the strength of correlations between 

oxygen. DO is the only physical factor which changed and therefore it is the only factor, of tho 

over the same time period. 

To further substantiate the claim that hypoxia is the most likely cause of the observed ch 
benthic communities between June and September 1997, we must be able to state that the 
dissolved oxygen concentrations over that time period were in fact sufficient to cause infaunal 
mortality. The dissolved oxygen dynamics at all deep sites on transects 165 and 175 (as ranked 
Table 6.2) include at least some period of time (1 to 2 weeks) under 0.5 mg OdL, a concentration 
level which has been known to cause mass mortality of benthic infauna in other field studies 
(Harper et al. 1991). Temporal resolution of DO data does not allow more precise duration 
estimates, but these events are of sufiicient intensity to have caused the mortality observed in 
balthica and capitellid populations. 



Most middle depth sites were subject to at least some hypoxia, although the severity was in most 
cases less than exeenced at deep sites (Tables 6.2 and 6.3). However ,even concentrations of 2 
mdL DO can result in decreases in animal abundances. Mild hmxia  can cause infauna 
in;luding bivalves, to migrate out of deep sediments and becomk'exposed to a much g~&risk  
of predation, as long as DO concentrations remain at levels near 2 mg/L which are briefly 
tolerable by demersal consumers such as spot (Pihl 1994). Thus, while the hypoxia at middle 
depth sites may not have been physiologically lethal in all cases, the behavioral changes induced 
by low oxygen stress might have caused mortality of M. balthica by predation from opportunistic 
bottom feeders (such as croaker, spot and blue crabs). The more tolerant capitellids may have 
been able to withstand this milder hypoxia and stay buried in the sediments, avoiding a strong 
decreasing abundance trend at middle depth sites. 

The discrepancies in benthic community composition changes between deep and shallow sites is 
a pattern also seen in the PCA ordinations for all organisms and for selected smaller groups 
(Macoma species and capitellids and spionids). These analyses depict deep sites as predictably 
set apart from shallow sites after hypoxia, even though in most cases all depths are very similar 
on the ordination plot before hypoxia. Of the two groups selected for PCA analysis (Macoma 
spp. and capitellids and spionids), the clams may represent a more accurate reflection of the 
changes in community composition between June and September. Because spionid distributions 
in June were strongly related to depth (I=-0.42), deep sites group separately both before and after 
hypoxia, obscuring the effects of hypoxia on capitellid abundances. PCA for the two species of 
clams, however, shows the pattern seen by the macrofaunal community as a whole, with deep 
sites similar to other depths in June, but much less similar by September. Deep sites lost all adult 
M. balthica during the summer, accounting for the exact similarity of most dem sites on the 
September 1997 PCA plots (Figure 6.18). 

The majority of the changes observed in the benthic infaunal community between June and 
September 1997 reflect the expectations of this study based on our predictions of community 
response to seasonal hypoxic disturbance. Shallow sites exhibited declines in M. balthica 
abundance, but they did not exhibit total defaunation of that species as did all of the deep sites 
(Figure 6.6). M. balthica is a very important food species for estuarine consumers such as blue 
crabs (Hines et al. 1990, Mansour and Lipcius 1991), spot (which consume primarily clam 
siphons) (Hines et al. 1990, Peterson and Skilleter 1994) and croaker (this study). By September, 
mortality of adult M. balthica at deep sites was 100%. and recruitment was very low (only 2 
individuals over all sites combined), while middle and shallow sites had both adult and juvenile 
clams present (Figure 6.7). This corresponds with obse~ations by Holland et al. (1987) who 
noted that more than one year class of M. balthica was almost never found at deep sites in the 
Chesapeake which experienced seasonal anoxia These data suggest that the low and medium 
severity hypoxic eve& which impacted middle and shallow si& did not prevent M. balthica 
recruitment in summer 1997. Recruitment of M. mitchelli was very noticeable in September 
1997, however. Abundances of this species increased significantly at a number of different sites 
in September, and the large majority of these clams were < 1 to 2 mm in shell length (Elizabeth 
Thomson, 1998, University of North Carolina, pers. obs.) This species is known to recruit 
strongly in the fall (Holland et al.1980) and most likely provides an added prey source for 
demersal consumers in autumn months. Since recruitment was significant at deep sites as well as 



shallow sites (Figure 6.8), it does not appear that low oxygen conditions or remnants of high 
W d e  had a meamable effect on the size of the recruitment pulse for M. mitchelli. _ I 

This consistent pattern of grater changes in animal abundance at deep sites after hypoxia is 
represented in geographical form in Figure 6.26, which shows the shallow banks of the river 
retaining higher abundances ofM. balthica (adults and juvenile recruits combined) than do the 
deep (and middle-depth) areas of the river channel between June and September. Of all the sites . 
we sampled, 65.6% had a reduction of more than 90% abundance ofM. balthica between June 
and September. Of the deep sites, a full 100% suffered more than 90% reduction of M. balthica 
(Figure 6.26). 

6.4.2 Community changes by June 1998 
t 

The animal abundance data &om 1998 for two transects (165 and 175) provide some information ,, 
on the response of the benthic community during the fall, winter and spring following hypoxia in 
summer 1997. Because we can assume that hypoxia occurs almost every summer in the Neuse 
estuary (Paerl et al. 1998), it is reasonable that the benthic community sampled in June represents , 
the end of the recovery process, just before the community is again reset by disturbance. 
Evidence that the benthic communities of the Neuse River do not fully recover each year is the 
presence of the significant negative correlations, in June 1997, of most macrofauna with sites that 
would experience severe hypoxia later in the summer, but before any oxygen depletion had 
occurred (Table 6.7). This indicates that the organisms, during winter and spring settlement 
periods, may avoid sites likely to experience severe hypoxia over the course of the summer. M 
balthica at deep sites did not appear to regain their June 1997 abundance levels by the following 
year, in fact there was a sign&&t decrease in the population on transect 165 (Figure 6.6, Table 
6.8). Likewise capitellid abundances remained similar to September 1997 levels at deep sites in 
June 1998 (Figure 6.9, Table 6.10). These data do not match the prediction that the benthic 
community would have undergone succession to arrive at a similar structure in June 1998 as it 
had had in June 1997. Possible reasons for this abound; it could be that spring recruitment of 
juvenile invertebrates was very weak in spring of 1998 because of the unusually strong 
freshwater flow through the Neuse River estuary during this period. Because abundances were 
lower in June 1998 than June 1997 at sites of all depths* it is most likely that the settlement of 
juveniles was low throughout the estuary, indicating a large scale hydrographic e f h t  rather than 
residual effects of the previous summer's hypoxia However, nothing can definitively be stated 
here because of the short-tam nature of these results. 

6.4.3 Croaker diet sh@s afer hypoxia 

The analysis of gut content data itom maker in the Neuse River provides evidence that the 
importance of different prey items shifted over the course of summer 1998 ( F i i  6.25), and 
implies that this shift may reflect the pattern of change observed in benthic invertebrate 
communities over the summer. The fish shifted their diets &om a large amount of bivalves 
(denoted by "shelln item) in June to polychaetes and plant material by September. This response 
in food item importance reflects the annual defamation and reduction of M. balthica at deep and 
middle depth sites by September, which corresponds to observations that croaker are 
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opportunistic feeders and shift their diet depending on prey availability (Currin et al. 1984, Hines 
et al. 1990). Little is known about the effects of such dietary content shifts on the overall health 
and fitness of croaker, but it is realistic to predict that plant material offers less energetic benefit 
to the fish than does the higher protein content of animal prey (such as clams and polychaetes). 
The benthic macrofauna data prove that severe reductions in prey abundance can occur between ' 

June and September, thus perhaps the croaker are consuming more plant material in September 
because it is all that is available, along with the depleted populations of polychaetes and clams 
which survived hypoxia This may result in croaker that have sm reserves due to the 
less nutritious diet they consume in September. ,274 

"F " .+ .< + *;'I 

The fish diet data do not overlap with the benthic data in terms of date, since the fish were caught 
only in 1998, but since the Neuse has a seasonal pattern of summer hypoxia and benthic 
community impoverishment (Hugh Porter, 1997, University of North Carolina, pers. comm.), the 
changes in fish diets are likely to be consistent. Analysis of data collected in September 1998 on 
the benthic invertebrate communities will offer the opportunity for further interpretation of the 
fish diet data. Despite benthic samples which indicated low abundances of bivalves, including 
M. balthica, in June 1998 (compared to June 1997), obviously the croaker were tiding clams to 
eat due to the high importance of this item in croaker guts in June. It could be possible that the 
hypoxia event of late May 1998 caused migration of M. balthica out of the sediments and thus 
increased predation on the clams just prior to our sampling date, causing an increase in the 
importance of clams in croaker diets in early June. Again, detailed analysis of the benthic data 
from September 1998 will clarify whether croaker diets did indeed shift in response to changes in 
benthic prey availability which resulted h m  summer hypoxia. 

6.4.4 Consideration of sediment toxicity as a factor influencing benthic 
communities 

It has recently been suggested that very low macrofaunal abundances in parts of the Neuse River 
estuarvmav be due to toxic contamination of the sediments. Hacknev et al. (1998) have released 
findings which document high contamination of DDT, arsenic, PCB;, nickei, andchromium in 
the sediments of the lower Neuse River estuary. This four-year study states that sediment 
contamination is at least as important, if not more important, in determining infaunal abundances 
than is the incidence of hypoxia Toxic contaminants may well have adverse effects on infauna, 
but the effects are likely to be chronic and consistent over all water depths. Near-constant 

ncentrations of slowly accumulating toxins would not cause sudden mortality over 2 months in 
e summer at deep sites, as did hypoxia in the Neuse (this study). Because Hackney et al. 
998) collected data at each site on only one occasion, by sampling a different site each day 

kom July through September, comparison of macrofaunal abundance between different sites is 
:onfounded by date differences. The effects of date on macrofaunal abundance can be very 
strong ifhypoxia has occurred, thus leading to potential misinterpretation of which factors are 
most important in structuring the benthos. Of the 79 sites sampled by Hackney et al. (1998), six 
had a total macrofad abundance of l a .  than or equal to one organism, and of those 6 sites, 5 
had DO concentrations below 1.5 m a .  It appears fiom these data that hypoxia may have had at 
least some effect on macrofaunal abundance, despite assertions by Hackney et al. (1998) that 
oxic contaminants play the more important role in structuring benthic communities. Other 



sediment factors, &ides &osd &died by ~ a c k n e ~  et al. (193)8j, can also'6e of criticd 
importance to the snrvival of benthic macrofauna over the warm smmer months, even in the 
absence of hypoxia The occurrence of sediment column anoxia, brought on by high 
accumulation rates of reactive organic matter, incurs sulfide and low oxygen stress on infauna 
while the water column remains oxygenated (Bartlett 1981). Any study which aims to determine 
the causes of low infaunal abuudances, in the absence of water column hypoxia, thus needs to 
also take into account the impacts of sediment anoxia and sulfide production on the seasonal 
patterns of benthic organism abundances. 

6.4.5 Implications for fisheries habitat and nutrient cycling 

Changes in benthic ecology have the potential to affect a wide range of important processes in an 
estuarine system. The two as~ects of most interest to humaus, as judged by the ecosystem - - 
services they provide, are fishfishcries production and bioturbation (which in part regulates nitrogen 
cycling in estuaries). Seasonal hypoxic events have resulted in the reduction of Norway lobster 
catches in the Kattegat (Rosenberg and Loo 1988, Rosenberg et al. 1992), and large 
hypoxic/auoxic events often result in reduction of commercial catches of tk&h and crustacean 
species, both by starvation (loss of benthic prey community) and direct stress h m  depleted 
oxygen levels @iaz and Rosenberg 1995). Changes in fishery production may not be all 
negative however, in the event that a high biomass "opportunistic" community becomes 
established after hypoxia, then demersal feeders stand to gain productivity as a result of the 
enhanced prey resource. It is possible that some types of consumers, such as shrimp, could 
benefit h m  a peak in opportunistic macrofaunal and meiofaunal species following summer 
hypoxic events (Bell and C o d  1978, Alongi 1985, Pihl1994, Diaz and Rosenberg 1995). 

Many important hypotheses regarding the relative contributions of different benthic successional 
stages to different tv~es  of demersal consumers remain to be tested. Early successional stages are - 

&ly to benefit & consumers, such as shrimp and larval  croak^^, whiih prey on small 
polychaetes and meiofiuna. Late recovery stages might provide a better resource for larger 
consumers (finfish and blue crabs) which are able to reach infauna buried deeper in the 
sediments. To test these hypotheses, different consumers need to be isolated over successional 
communities of diffbrent stages, allowing determination of consumer growth rates exposed to the 
different prey communities. Field experiments enclosing consumers (shrimp, finfish, blue crabs) 
over disturbed (early recovery, middle recovery, and late recovery) and mdkturbed habitats will 
ultimately be necessary in order to ttst whether different benthic successional stages after 
hypoxia do in fact offer different levels of produdivity to different types of consumers. 

Benthic community composition and animal abundance are also crucial to the mechanisms and 
rates of sedimentary chemiaal reactions. Bioturbation by a well developed benthos provides 
oxygen to decomposition and nitdication-denitrification reactions below the sediment eurface, 
ihus increasing rates of organic matter breakdown and inQeaJing rates of nitrogen removal, as Nz 
gas, fiom the estuarine system (AUer 1982). Loss of deep burrowing animals and greatly 
diminished abundance of infauna, as observed in this study, can cause an increase in toxic sulfide 
release and a decrease the removal of nitrogen through nitrXcationdenitrXcation (Seitzinger 
1988). Consequences such as these enter a negative feedback loop, since reoxygenation of 
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bottom waters is then inhibited (by sulfide presence) and the increase in bioavailable nitrogen 
spurs the growth of even more algal blooms. By removing benthic animals, hypoxic conditions 
ensure their own persistence, and the greater the magnitude of the hypoxic event, the greater the 
consequences will be in terms of disruptions to the "normal" nitrogen cycling rates as 
bioturbation animals die off in greater numbers. This complex loop poses serious concerns to 
water quality managers because of the likelihood that even drastic reductions of anthropogenic 
nitrogen loading may have little effect on the incidence of phvto~lankton blooms and - -  - 
hypoxic/anoxicevents. Recent studies in the Neuse River suggest that nitrogen recycled from 
the sediments may be enough to drive the bloom-decomposition cycle in&uendent of runoff 
nutrient levels (see section5 of this report). The then becomes just how long it will 
take for regulatory measures such as reductions in nitrogen loading, even if successfully 
implemented, to make noticeable changes in poor water quality symptoms such as severe 
hypoxia and nuisance blooms. 

The benthos is the major link between water column and sedimentary processes, and thus the 
health of bottom invertebrate communities is crucial to the healthy functioning of the Neuse 
estuarine ecosystem as a whole. Tracking the dynamics of the benthic community is one more 
way to understand and analyze the changes in the estuary as a result of anthropogenk stress. 
Serious ecosystem health problems are by now quite obvious in the Neuse (Paerl et al. 1998), and 
by connecting these symptoms to tangible changes in productivity, both biological and 
commercial, we can define and more accurately assess the responses of concern to stakeholders. 
The Neuse ecosystem is just that - a system wherein all levels are connected, and we cannot alter 
one while expecting the others to remain static. Nitrogen input from a sewage spill can have 
significant consequences on the availability of high quality prey and habitat for a croaker 30 
miles downstream. When, or if, we ever attempt to manage the Neuse ecosystem as a whole, 
perhaps recognition of these links will lead to better control over large scale human disturbances 
and chronic destructive inputs to the estuary. 

' q c *  ::+,,;,&~ ?;..* : , ., :,+ . ,I:.-. . 6.4.6 Integration of Benthic into Modeling Activities. 

An initial analysis of the effect of a 30% redu n loading has been implemented 
with preliminary calibrations of the CE-QU wever, once calibrated against the 

i extensive 1997 and 1998 empirical monitoring database the model will allow us to link model 
predictions (and thus nutrient loading) to benthic fisheries habitat and fish production changes in 
the Neuse River Estuary. This model provides two-dimensional (with depth along the 

I 
mainstream channel) predictions of DO in the Neuse River Estuary (Bowen and Heironymus 
2000). From these model predictions, we can expand out to a three-dimensional impact on 
estuarine seafloor by overlaying the Neuse bathymetry map and using our knowledgk from three- 
dimensional sampling in 1998 that the oxycline has an essentially horizontal surface (with some 
tilt and periodic iloshing). In other wordr;, the area of the estuarine seafloor that is subjected to 
hypoxialanoxia can be estimated (with e m r  based on our within-year contrasts among stations at 
similar depths and on between-year contrasts) from knowledge of DO depth profiles along the 
lower Neuse. These predictions can then be coupled to our research findings to assess the im~act  



I 

The probability network model is still in its early phase of development. We will contribute to 
the development of this model by using the data from 1997 and 1998, which spanned a large 
mnge in severity of low DO events, to help develop the probabStiw Ulat link nutrient loading to 
benthic fisheries habitat and,fish pr-tion responses. The linkage to the probability network 
model must use in part infarmation from the process model as follows. Pnsumably, a Bayesian 
model will provide informahon on the probability of high, modwit& sr low DO on some I 

temporal scale. Then we will use the process model to assess how such low, moderate, and high 
DO maps onto the araa of bottom impacted to provide a link to the Bayesian model and its 
distribution of outcomes. We presume that we can map the DO output onto a spatial probability 
of habitat alteration or logs caused by hypxialanoxia. The errors would be greater the coarser 

I 

the temporal scale. Them is relatively little e m  in mapping actual 2-dimensional DO 
information onto expected habitat area lost (degraded). 

I 
I 

With the results of our experiments to assess how fish production responds to habitat 
degradation, we will also be able to calculate error bars around oure&mates from the variance 
among replicates. Variance will also be created by year-to-year variation ig benthic resources 
independent of DO. This we will also be able to estimate by having comp1eted the second 
replicate year of benthic invextebrate assessment. The linkage between out research results and 
modeling efforts will pmvideaitical information for resource management. Further, this 
coupling succeeds at linking the results of the entire research program to a response variable that 
is easily recognized by the public, La. fish production. 
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