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ABSTRACT

We attempted to evaluate the relative importance of bottom trawling and wind on water
column mixing, nutrient loading, and sediment resuspension in South Creek, a major tributary of
the Pamlico River estuary, North Carolina. Trawling experiments were carried out in July and
October 2001, and in May, June and October 2002, at a “downstream” (closer to the Pamlico
River) and an “upstream” (farther from the Pamlico River) area. Each area consisted of a 300 m
x 300 m GPS-demarcated “trawl]” site and a similarly sized “no trawl” site. The experiments
lasted 8 days each in 2001, and 4-5 days each in 2002. Trawling was carried out by a commercial
fisherman towing paired crab trawls, and was confined to a single day at each “trawl” site during
the midpoint of each experiment. Trawling impacts on the concentration of nitrate-nitrite,
ammonium, orthophosphate, chlorophyll a, and total suspended solids (TSS) were assessed.
Wind impacts were determined by evaluating the directional daily wind stress in comparison to
the same attributes of the same water column parameters.

Our results indicate that wind stress more effectively mixed the water column than did
trawling, although trawling was observed to reduce hypoxia on one occasion. However, daily
wind stress could only explain about 40% of the variation in water quality data, implying that
wind-forced water circulation within South Creek, and between South Creek and the Pamlico
River, play a critical role in defining the nutrient and sediment character of the South Creek
water column. The most consistent impact of trawling was a 1.5-3-fold increase in the
concentration of TSS. However, trawling had only minor impacts on nutrient and chlorophyll a
concentrations, and its influence on TSS was ephemeral (< one day).

(Key words: trawling, sediment, resuspension, nutrients, diagenisis, eutrophication, porewater,
water quality)
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INTRODUCTION

Wind-driven mechanisms resulting from wind stress and trawling can directly and
indirectly disturb bottom sediments, especially in shallow soft-bottom environments. The
objective of this study was to evaluate and quantify the amount of sediment resuspension in a
shallow estuarine system, with specific comparisons between natural and trawling-induced
disturbances. These disturbances can directly alter the physical structure of the water column
and sediments but perhaps more importantly, indirectly alter the chemistry of both. This can
occur through the remobilization of sediments and addition of oxygen changing redox potentials
in both the surficial sediments and the overlying water column. This change in redox potentials
can subsequently degrade water quality as associated organic matter is more efficiently
remineralized and thus, increase nutrient concentrations. Therefore, categorizing these
disturbances into distinct units (e.g. natural vs. anthropogenic) will provide a means of directly
evaluating the potential consequences of human impacts. Heavy trawling activity, in particular,
along North Carolina’s coast is one of the major obstacles in management plans to protect
natural resources (Mallin et al., 2000). Therefore, it is imperative to quantity the effects of
+‘trawling; with specific reference to the benthic-pelagic coupling, to gain a more specific -
understanding of the human impact on estuaries. As such, the specific objectives of this research
were to evaluate the extent of resuspension via short-lived radionuclides and water column
suspended sediment measurements, assess the change in water column and porewater nutrient
concentrations, and evaluate any change in water column productivity associated with a trawling

disturbance.
Sediment Resuspension and Possible Effects

Resuspension occurs when an ample force moves sediment particles. Sediment is
resuspended by various forces such as currents, wind-wave interaction, tides (Seim et al., 2002),
storms (Puig ef al., 2001), trawling and large vessels (Schoellhamer, 1996). Wind, for example,
can generate currents and increase wave energies. Tengberg er al. (2002) observed strong
bottom currents associated with large wind events causing a pressure head to develop near that
sediment, forcing the onset of resuspension. Wave energies can create orbital velocities that
increase sheer stress along the sediment water interface. This increase in sheer stress can
resuspend the surficial sediments. Sediment resuspension may also be caused by several
biological disturbances, including bioturbation (Drake and Cacchione, 1985, 1986; Moecller et
al., 1993). This bioturbation can be caused by both infauna, when the organism buries itself, and
epifauna, when the organism moves or attempts to locate food. Although the behavior of
 estuarine resuspension processes is not well known (Maa et al., 1998; Redondo et al., 2001), the

potential impacts to the water column associated with the biological component have been well
studied.

Organic productivity forms the base of the biological component. Productivity is
dependent on the cycling of nutrients (primarily nitrogen & phosphorus) and organic material
between the sediments and the overlying water (Wainright, 1987; Day et a/.,1989; Ritzrau and
Graf, 1992). The majority of water quality research suggests diffusion as the most important
mechanism for transferring nutrients from the sediment to the water column. However,
productivity can increase in response to resuspension as the organic matter is remineralized more
readily under the oxic conditions of the water column (Balls et al., 1994; Pedersen et al., 1995;



Wainright and Hopkinson, 1997; Garstecki et al., 2002). Productivity has also been shown to
increase as resuspended bottom sediments release regenerated nutrients, concentrated in
porewaters, from the remineralization of freshly deposited organic matter (Loffler, 1974; Rosa et
al., 1983; Hopkinson, 1985; Allan, 1986; Wainright, 1990; Nishri, 1993; Wisniewski, 1993).
Futhermore, the remobilization of sediments often stimulates more efficient organic matter
remineralization by re-oxidizing the surficial sediments. In other words, porewater and
diagenetic by-products (carborv/nitrogen/phosphorus) are transported (advected) into the water
column during resuspension and can increase nutrient concentrations which directly affect
productivity. This continued cycle of resuspension and remineralization in both the water
column and sediments may exacerbate nutrient levels in estuaries and subsequently degrade
water quality. Therefore, it is important to consider the amount of organic matter stored within
the sediment, the frequency of resuspension and transportation of those sediments along with the
rate of remineralization when evaluating the potential sources controlling water quality.
Continuing research on sediment resuspension suggests that disturbances directly related to
bottom trawling can release significant amounts of nutrients into the water column (Fanning e?
al., 1982 Pllskaln et al., 1998; Percwa] etal, 2002, Glfﬁn and Corbett, 2003)

Tra,wlmg and Assoclated Impacts

Both trawling and dredging gear types are directly destructive to critical fish habitat
because the gear alters the physical and biological characteristic of the seabed (Watling and
Norse, 1998; Hall, 1999). Most of the trawling research has been limited to the physical changes
with regard to the benthos, the structure of habitats (Churchill, 1989; Dayton et al., 1995; De
Alteris et al., 1999; Collie ez al., 2000; Pranovi et al., 2000; Palanques et al, 2001; Rosenberg et
al., 2002) and with direct epi/infaunal response to trawling events in coarse sediment substrates
(Ramsay et al., 1998; Engas et al., 2000; Lindegarth et af., 2000). Population changes within
these specific benthic communities have provided insight into the destructive nature of trawling.
For example, a degradation of macrofaunal (mollusks, soft corals, sponges etc.) abundance has
been observed in trawled compared to non-trawled areas (Morton, 1996; McConnaughey et al.,
2000). Smith et al (2000) also observed a significant decrease in abundance and diversity of
fauna after trawling. However, discrepancies also exist in the limited amount of research.
Inconsistent results with respect to trawling and species abundance were observed (Drabsch ez al,
2001). Sanchez et al. (2000) observed no apparent difference in their trawled and non-trawled
areas. Although these studies represent a small fraction of the current research, they
acknowledge instances where trawling iinpacts were not readily observed.

The aforementioned studies, taken as a whole, represent the numerous studies on the
direct effects of trawling. Although the studies have provided extensive research into the
anthropogenic impact on the marine environment, they are limited to three categories: (1)
mortality loss of target species; (2) incidental effects on non-target species; and (3) alteration of
benthic habitat. These studies do show that commercial inshore trawling physically
disturbs/alters benthic environments, however, the potential impacts on the water column are not
as obvious (Churchill ez al., 1988; Jones 1992; Collie et al., 1997).

More importantly, the impact of trawling on muddy substrates has not been well studied
(Sanchez et al., 2000). The alteration of the benthos from trawling can alter some soft-bottom
sediment characteristics such as erosional susceptibility, grain size distribution (Collie ez al.,
1997; Gilkinson ef al., 1998; Pranovi et al., 2000) and porosity (Main and Sangster, 1981).



Therefore, the effects of trawling can lead to direct changes in the natural sediment flux and
biologically-active by-products leading to indirect effects on the planktonic food web. These
indirect effects may be as important as the direct effects but they have not received significant
attention (National Research Council, 2002).

As noted earlier, several variables (wind, trawling etc.) can initiate the onset of
resuspension. For example, Booth ef al. (2000) found wind to be a significant factor in
resuspension using a sediment resuspension probability model, within the shallow microtidal
Barataria Bay, Louisiana. When both wind and trawling are significant factors, the dominant
forcing function may vary between sites, depending on climatic and geomorphic characteristics.
Trawling has been characterized as a more important resuspension mechanism than wind on the
continental shelf of the Middle Atlantic Bight (Churchill, 1989) and the Kattegat Sea (Floderus
and Pihl, 1990). However, little attention has been given to shallow, soft-bottom ecosystems.
Furthermore, the combination of strong winds and large shallow estuaries, with bottoms ,
consisting of primarily fine-grained sediments, results in continuously high levels of sediment '
disturbance (Wells and Kim, 1989). In these cases it is difficult to distinguish the dominant
forcing mechanisms, therefore it is necessary to compare the resulting effect of those
- disturbances (wind vs trawling) in order to evaluate the 1mp0rtance . .

This study focuses on a shallow, soft-bottom estuary in North Carohna typlcal of the
Albemarle-Pamlico Estuarine System (APES) in which it resides. The APES extends from
Virginia Beach in the north to Cape Lookout National Seashore in the south. The extensive
network of bays and drown-river valleys in the system, formed following the last glacial
maximum, delineates the second largest estuarine system in the United States. North Carolina’s
APES is characterized by relatively shallow depths, typically <6 m. The Outer Banks, to the
east, buffer lunar-tides keeping the mean height to <10 cm, wind tides however can exhibit
ranges of 0.5- 1.0 m (Hartness, 1977; Giese et al., 1979; Copeland and Riggs, 1984; Wells and
Kim, 1989). The drainage arca for a significant portion of the system is comprised of
marshlands. The limited slope of the region coupled with the surrounding marshlands
contributes to low flow velocities entering the system (Hartness, 1977; Wells and Kim, 1989).
Sediment texture is related to bathymetry, whereby the shoulders of the estuaries have medium
to fine-grained sands and deeper regions are characterized by organic-rich muds with limited
variability (Wells and Kim, 1989). The clay portion of the muds are mainly composed of illite
(75%) and kaolinite (20%) (Park, 1971; Wright, 1974). A combination of fine-grained
sediments, shallow depths and high wind stress cause sediments to settle and resuspended many
times before permanent deposition (Wells and Kim, 1989). Therefore, it is necessary to compare
the effects of wind with that of bottom trawling since wind-driven disturbances are a primary
facilitator of mixing in North Carolina’s microtidal estuaries.

Trawling and Site History

North Carolina’s trawling season extends from late May/early June through October,
targeting the brown shrimp population (North Carolina Division of Marine Fisheries, 1993).
Shrimp are harvested using the Otter Trawl (Fig. 1 A&B) as a method of capture. Current
trawling regulation consists of proclamations opening arcas to trawling. Shrimp must be of a
harvestable size in order for the area to be opened. Several factors keeping an area closed
include storms that diminish populations, previous over-fishing and the presence of juvenile
shrimp.



The experimental area for this study is in South Creek (Fig. 2A&B), a tributary of the
Pamlico River, northeastern NC. The study was conducted with permission granted by North
Carolina Department of Marine Fisheries. The area had been closed to trawling for
approximately fifteen years when it became a secondary nursery ground. This specific area was
necessary as current restrictions prevented undocumented disturbances (e.g. other trawlers)
during experiments. Therefore, the closed area allowed for disturbances to be categorized into
either natural or trawling dominated events.

Use of Radionuclides as Particle Tracers

The primordial uranium- and thorium-series radionuclides have been used to evaluate
sediment and water column processes in estuarine and marine environments for over 40 years.
Th-234, for example, exists as Th (OH),"* ™" in the water column and is extremely reactive
allowing it to trace sediment movement. Th-234 (#, = 24.1 days) is continuously produced and
supported by the alpha decay of its parent nuclide B8 (1, = 4.5 x 10°yr). The short half-life of
23%Th also contributes to its particular usefulness as a tracer of particle movement (Kershaw and
Young, 1988; Wei and Murray, 1992). The majority of research utilizing 2*Th has been in
particle flux dynamics, specifically water column export-and burial associated with the carbon
cycle (Coale and Bruland, 1985; Cochran et al., 1995; Santschi et al., 1999; Coppola et al.,
2002). Th-234 is useful when observing sediment/water column interactions due to the
physical/chemical differences between it and its direct parent uranium. For instance,
resuspension of sediments often leads to a depletion of T in the water column and excess
24Th in the sediments (Kersten et al., 1998; Rutgers van der Loeff ef al., 2002). It can also be
used to directly measure sediment mixing resulting from bioturbation (Gerino et al., 1998) and
turbidity maximum processes in estuaries (Feng et al., 1999a; 1999b). In general, 2*Th is an
excellent tracer to mark the movement and transport of particles over relatively small time scales
(van Geen and Luoma, 1999; Sarin ef al., 2000; Quigley et al., 2001; Schmidt ef al., 2002).

Cosmogenic isotopes, specifically 'Be, have also been used as particle tracers (Olsen et
al., 1985, 1986; Martin et al., 1986; Wan et al., 1987). Be-7 is produced by cosmic ray
spallation reactions with nitrogen and oxygen in the atmosphere. The isotope remains soluble in
lower pH rainfall as 'Be** and is thus transported into the marine environment through
precipitation. Upon entrance into the marine environment it adsorbs onto particle surfaces by
cationic processes (Bloom and Crecelius, 1983). Within estuanes, "Be (t12 = 53.3 d) activities
have been used to study mixing in the upper layers of the benthos and short-term sediment
mobility because of shallow depths and high particulate concentrations of these areas compared
with the open ocean (Krishnaswami et al., 1980; Robbins and Eadie, 1982; Casey et al., 1986).
For example, Dibb and Rice (1989) used changes in "Be activities to show sediment movement
within the Chesapeake Bay estuary. Quantification of short-term sediment deposition in ~
estuarine and lacustrine environments is also possible using "Be. Canuel et al. (1990) estimated
a depositional rate for sediments within the Cape Lookout Bight, using "Be activities, over two
years. Metal scavenging rates have also been estimated by using "Be activities (Vogler et al.,
1996, Steinmann et al., 1999). The overall use of "Be as a particle tracer has been well identified
and proven to be quite an effective tool (Neubauer et al., 2002).
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Used in conjunction, “**Th and "Be can provide insight into essential sedimentary
characteristics such as mixing, sedimentation and erosion. This insight is possible because of
their uniquely different sources and particle reactive behavior in combination with relatively
short half-lives. The dynamics of these tracers (mean life, reactivity, etc.) coincide with the
specific events (high resuspension rates) in estuaries. Therefore, resuspension events generated
by wind-driven mechanisms or trawlers, on relatively short time scales (hours to days), can be
addressed using these naturally occurring short-lived radionuclides.

METHODOLOGY

Each experiment was conducted in duplicate using two different areas, downstream (Area 1) and
upstream (Area 2). Two sites were occupied within each area, a non-trawl (conirol) and trawl
(experimental) site. A Garmin III GPS was used to outline each site encompassing an estimated
100,000 m°. During the 2001 experiments, both areas were located in the northern half of South
Creek (Fig. 3A). In 2002, the areas were separated further to prevent any possible interference

- (Fig. 3B).  Six separate sampling events were conducted over the two-year period.. Two
sampling events occurred in 2001, July 16-23 and October 11-18. Four events occurred in 2002,
May 20-24, May 27-30, June 11-15 and October 13-16. During each field event, both the control
and experiment sites were monitored for at least two days prior to trawling the experimental site.
After trawling, sites were monitored for at least another two days. Mr. Henry Daniels conducted
the trawling using a 34ft shrimp trawler, Brittany Faye. The experimental sites were trawled
continuously for approximately 45 minutes in a back and forth, overlapping pattern. The nets,
attached to the head rope, remained open during each trawl. The open nets prevented any catch
but provided the same disturbance as a typical trawl.

Atmospheric Analyses

Wind speed and direction were collected hourly from a weather and climate station at the
North Carolina State University Aquaculture Field Laboratory (NCSUAFL) near Aurora, NC
(Fig. 3). This field station was located a maximum of 2 km from the field sites. The data was
retrieved from the North Carolina Agricultural Research Service (NCARS) web site (www.nc-
climate.ncsu.edu) for the time period surrounding the experiments and for the entire trawling
season of 2001 and 2002. Hourly and daily wind vectors were calculated for each sampling
period using a Statistical Analysis Software (SAS) program. This was used to generalize wind
patterns that dominated during each experiment and throughout the entire trawling season for the
. two years of the project.
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The wind directions were divided into eight different sectors, each measuring 45°,
N(338°-22%), NE(22°-67°), E(67°-112°), SE(112°-157%), S(157°-202°), SW(202°-247°), W(247°-
292°%) and NW(292°-337°). These data were used to calculate wind stress for each site, both
hourly and daily, for the period immediately before sampling. Wind stress was calculated as:

,=CD*p, ¥ W ()
0. = P/RT 2)

where 1 is the tangential wind stress at the air-water interface (newtons m?), CD is the drag
coefficient (unitless), p, is the air density (kg m™~) where P is the air pressure (pascals), R is the
gas constant (287 T kg™ K™, T is temperature (Kelvin) and W is the wind speed (m s 10m
above the land surface (Bowden, 1983).

Although the CD has historically been given a constant value of 1.3*¥107, a non-linear CD) is
used, modified for low wind speeds, as presented by Tenberth et al. (1990). The values are
0.00218 for W < 1 ms™, 0.001(0.62 +1.56W) for I m s <'W<3m s and 0,00114 for W=3m
s and are unitless. When statistically analyzing 1, and TSS, the hourly 15 uses the values from
NCARS for the hour immediately prior to sampling; the daily 1, uses the 24-hr W resultant and
the average P and T values for the closest full 24-hr period prior to sampling. For example, if
samples are collected at 1430, the hourly 1, uses the values from 1300-1400 while the daily 15
employs the average values from 1400 (day before)-1400 (day of). These are then correlated
with the total suspended solids (TSS) concentration for each site/area (surface and bottom),
within each experiment. This correlation is helpful in observing the relationship of wind stress
and TSS but is not intended to isolate the specific resuspension mechanism generated by the
wind stress.

Water Column Analyses
Hydrography

The water column variables temperature, salinity and dissolved oxygen (DO) were
measured at the same sites where the aforementioned water samples were collected.
Temperature and salinity were measured using an Orion® 140 temperature-conductivity-salinity
meter. Coincident dissolved oxygen measurements were taken using a Yellow Springs
Instrument (YSI®) Model 60 water quality meter.

Total Suspended Solids/Loss on Ignition

Water column samples were collected at five randomly chosen locations within each site.
Duplicate 250 mL samples were collected at the surface and bottom within each location using a
2.01Van Dorn sampler. During 2001, samples were collected over eight days. They were
collected once a day for the first and last three days (around 1200) and twice (morning and
afternoon) for the day before and day of trawling (11122111). During 2002, the sampling was
kept to once a day, for four or five days, throughout each experiment. The control sites were
sampled prior to trawling of the experimental sites in the same area to limit the potential



influence of trawling (eg. transport of sediment). The trawled sites were then sampled within
minutes after the cessation of trawling.

Immediately following collection, samples were brought back to the field laboratory
setup on the property of the NCSUAFL (Fig. 3A). At the lab, a measured volume of water
sample (250-300mL) was filtered through a pre-weighed combusted (450°C for 4 hours) 0.7 um
Whatman GF/F 47 mm filter. The filters were rinsed with deionized (DI) water to remove salts
and then frozen to prevent bacterial growth. Upon return to East Carolina University (ECU),
filters were dried (105°C for 48 hours) and reweighed to determine the total suspended solids
(TSS mg/L):

7SS = (105°CW-IW)/ SV 3)

where IW(g) is the initial filter weight and 105°CW is the post drying weight (g) and SV is the
sample volume (liters). The filters were then combusted in a muffle furnace (500°C for 20
minutes) and reweighed to determine loss on ignition (LOI %):

LOI = ((ISS-500°CW)/(TSS * SV))*100 4)

where 500°CW is the post combustion weight. Averages and standard errors were then
calculated for the five replicate samples collected at each site, each day.

Nutrient and Pigment Analyses

The TSS filtrate was placed in acid-washed 250 ml polypropylene bottles, frozen, and
analyzed for dissolved nutrients within 60 days of collection. Ammonium nitrogen was
measured using the phenol-hypochlorite method (Solorzano1969); nitrate plus nitrite nitrogen,
and ortho-phosphate determinations were carried out according to the antomated and manual
standard EPA methods (1995), respectively.

Water column pigment concentrations were determined by fluorometry with a Turner
Designs ® TD-700 fluorometer. A known volume of water (50 or 100 ml) was filtered through a
0.7 pm Whatman ® GF/F filter. Filters were immediately wrapped in aluminum foil, and kept
frozen at —40 °C until analysis (typically completed within one month). Prior to analysis each
sample was extracted for 12 hours in a known amount of acetone, methanol, water mixture
(45:45:10 by volume). Samples were then centrifuged, and the fluorescence of the supernatant
before and after acidification was used to calculate chlorophyll a and phaecopigment
concentration (modified from Holm-Hansen et al. 1965). )

In Situ Monitors
Conductivity, temperature, depth (CTD) and turbidity meters within each site
continuously collected measurements (every 10-60 minutes) during the 2002 experiments. They
were attached to channel markers located at each site (Fig. 3B). A total of four were deployed
during May and June exercises. The turbidity sensors measured the intensity of infrared light
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scattered at 90 degrees from the incident beam and converts the data into Nephelometric
Turbidity Units (NTU). Two different models were used during each trawling event, the
Hydrolab series 4a Minisonde and Datasonde. The meters were left at each station after the
conclusion of trawling to assist in further estimation of natural variation.

A Falmouth Scientific Instrument (FSI) 2-D current meter was also used during the 2002
experiments. It was deployed with the turbidity sensor in T1A (CMB) to measure bottom current
velocities (approximately 0.5m above the bottom). This instrument took readings every 30
seconds for 2 minutes on 10-minute intervals, which allowed for a total of 24 readings per hour.
The data was condensed into hourly and daily vectors, to correlate with the wind vectors, using a
SAS wind program.

Sediment Analyses

Sediment samples were collected using an Oceans Instrument multi-corer to provide
cores with little to no disturbance at the sediment-water interface. The multi-corer collects four,
6.35 X 33 cm, cores during a single deployment. In 2001, sixteen cores (four deployments) were
collected for each site (eg. NT1, TI, ete.). Each site was further subdivided into two random
locations within each site (eg. NT1/1;NT1/2). Eight cores were collected from each of these
subdivided sites (4 cores per deployment * 2 deployments per location * 2 locations per site * 4
sites per exercise). These duplicates were collected to provide some assessment of spatial
variability within each site/location. The cores were collected two days before and the day after
trawling during both the July and October exercises. During 2002, cores were collected from
only one location within each site one day before, on and after trawling. After collection, cores
were brought back to the field laboratory, sectioned at 1 ¢cm intervals and combined from each of
the four cores taken during a specific deployment. Subsections were packed into several sample
containers for transport back to ECU for subsequent analysis. Samples were analyzed for
porosity and radionuclide activities (***Th and "Be). Samples for porosity were collected at 1 cm
intervals and placed into pre-weighed 25 mL glass scintillation containers (2001) or 6 mL plastic
containers (2002). Samples for nutrient and radionuclide analyses were collected at 1 em
intervals in 50 mL centrifuge tubes. Samples were centrifuged and filtered for porewater
extraction. Samples for radionuclide analyses were then combined at 2 cm intervals. A sub-
sample from the porosity and radionuclide samples were used for LOI and grain size,
respectively.

Porosity/Loss on Ignition

The volume of individual porosity vials was determined by weight difference following
the addition of deionized (DI) water. Samples were weighed (wet) upon the return to ECU, dried
for 48 hours at 60°C and reweighed. Porosity was then calculated by the difference in weights
wet/dry and applied a correction factor for salinity in the overlying water column as

porosity = [({(WS-DS)/1.02)/(V)] (5)

where WS is the wet sediment weight (g), DS is the dry sediment weight (g), 1.02 is the salinity
correction factor and V is the initial volume of the vial (mL).
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A sub-sample of dry sediment from each porosity vial was subsequently ground, using a
mortar and pestel, and placed into pre-weighed crucibles. These were transferred into a
dessicator and left overnight to remove any accumulated water. The samples were weighed and
then combusted in a Lindberg Hevi-Duty SB muffle furnace (450°C for 4 hours). LOI was
calculated as:

LOI = ((SW- CW)/SW)*100 (6)

where SW is the dry sediment weight (total weight —crucible weight (g)) and CW is the
combusted weight (g). LOI is a relatively good proxy for organic material (Soil and Plant
Analysis Council, 2000).

Radionuclide inventories

Samples from all sediment cores were analyzed for 234Th and "Be by direct gamma
counting. The samples were dried in a Fisher Scientific Isotemp oven for 48-72 hours at 60°C.
Samples were then removed from the oven, crushed into a uniformly fine powder using a mortar
and pestel and subsequently packed into 1oz aluminum tins (coax geometry) or plastic vials
(well geometry) and sealed with tape or epoxy for analysis. Sample size ranged between
approximately 5 and 40 g depending on counting geometry (vial or tin, respectively). Gamma
counting was conducted on one of two, low-background, high efficiency, high purity Germanium
detectors (Coaxial and Well-type, Canberra germanium detectors, model GR-1520, GCW-2523)
coupled with a multi-channel analyzer. Calibration of detectors was calculated using several
natural matrix standards (IAEA-300, 312 and 314), at each energy of interest (except "Be) in the
standard counting geometry for the associated detector. The counting efficiency of "Be (477
keV) was determined by linear regression of calculated efficiencies for energies between 200-
800 keV.

Excess ~>*Th was calculated by taking the difference between the total 234Th activity from
that supported by 2%, Total **Th (63 keV) was determined by direct gamma counting, while
supported 2**Th was determined by recounting eight random samples after six months and alpha
spectroscopy of 28(J from another eight (***U = 3.39 + 0.38, 3.36 + 0.10, respectively). Reported
data for short-lived nuclides (***Th and "Be) are corrected for the radioactive decay that had
occurred between sampling and analysis. Sediment inventories were calculated according to the
following equation (after Canuel et al., 1990):

= ZX; (1-9 plxsd ) @)

where I is the total inventory of the sediment core (dpm cm); X;is the subsection thickness
(constant 2 ¢m); ¢; is the porosity of the subsection (unitless); p is the sediment density (g cm’);
and xsA ; is the activity, for 2*Th it is the activity above the level supported by 287 (dpm g™).
The total inventories before and after trawling can be compared to establish a sediment
disturbance associated with trawling. In other words, when trawling resuspends sediment its
overall fate is important and would be addressed in terms of an inventory relationship (Fig. 4).
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Figure 4. Possible inventory relationships of cores, over time, taken in the same area: 1. No
deposition occurred 1.e. no measurable "Be or 2*Th (core 1); or 2. New deposition

and thus measurable activitics of 'Be, mean life <77 days and >**Th, mean
life<35day (core2). Subsequent cores taken immediately after trawling for

comparison have three distinct possibilities of sediment variability: 1. No change
that can be detected (no activities to compare or activities are equal, core 2>4); 2.

Removal of sediment equal to a quantifiable difference in activities directly

caused by trawling (core 22>3/4); or 3. new deposition of sediment from another
area that has been removed by trawling (core 2->3) and deposited in core 5. This
is the only likely possibility since measurable sedimentation rates do not typically

occur on daily times scales.
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Grain size

Two methods were used to remove organic matter from sediments before grain size analysis.
Samples analyzed in October 2001, were prepared using a 6% Sodium Hypochlorite solution,
Each sample (approximately 5 g) was placed into a separate 400 mL tri-cornered beaker with
~0.5 L of solution. The mixture was agitated for at least five days or until all signs of bubbles at
the surface disappeared. Samples collected in 2002 were prepared with 30% hydrogen peroxide
as it proved to be a more efficient method. Hydrogen peroxide (~15 ml) was added to each
beaker and covered. The samples were then left in a hot bath (75°C) for two days with a daily
addition of hydrogen peroxide (~5 mL) until all organics had been removed.

After the organics were removed, regardless of method, the samples were centrifuged for 25
minutes at 4000 rpm, discarding the supernatant. A solution of sodium hexametaphosphate (0.6
g/.) was added following two tinses with deionized water. This solution acts as a dispersant,
effectively separating individual sediment grains for analysis. A sub-sample from the centrifuge
tube was then analyzed on a Beckman Coulter L8230 Particle-size Analyzer. The grain sizes
were given as percent per individual size and then converted to cumulative percent for clay (0-

8um), silt (8-63um) and sand (>63 pm).

Porewater Nutrient Analyses

Filtered porewater samples were analyzed for ammonium (NH;") using the Solorzano
Method (Solorzano 1969) and for dissolved nitrate plus nitrite (NO3+NO,") and phosphate
(PO4>) using U.S. EPA (1979) and American Public Health Association (1995) Methods.
Previous studies have shown that nitrite is barely detectable in comparison to nitrate, therefore
NO;+NO; results will be presented only as nitrate (NO3').

RESULTS AND DISCUSSION

Assessment of Disturbance: Sediment Resuspension and Transport

The water column and sediment can be mixed naturally through wind-driven
disturbances. Specific disturbances can be a result of wind stress, specifically wind tides,
currents and wave orbitals. As the water column is mixed the temperature, salinity and dissolved
oxygen values may become more homogeneous if typical estuarine stratification is lost. The
mixing process can also increase the TSS concentrations as sediment is resuspended into the
overlying water column. Trawling can also physically alter the water column and sediments in a
similar way as trawl gear mixes the water column and stirs the soft-bottom sediment.

Impact of Wind

This study intended to provide some insight into the direct natural mechanisms (wind,
waves, currents, etc.) that resuspend sediments. However, the limited current meter data and
lack of meters at other sites prevented correlations between bottom currents and TSS. Therefore,
the wind stress and TSS analysis provided general insight into the indirect influence of wind on
the water column.
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A strong relationship (p-values < 0.01) was observed for the 24-hr resultant northeast,
east and southwest 1, and near-bottom TSS concentrations in Area 1 (Table 1). This relationship
is also observed for a northeast T, in Area 2. Other significant correlations were observed during
an hourly southwest 7, in Al and during a northeast and southwest 1, in A2. In all these cases,
the wind directions were from areas of largest fetch (Fig. 2B).

Therefore, it can be stated that the larger the fetch for an area; the better the correlation of
1, and the observed TSS values. More importantly, the significant hourly wind vectors coincided
with the daily T, for all but onc observation (A2 SW). Therefore, the strong hourly correlations
could be a function of the overriding 24-hr resultant 7. The comparison between the 24-hr and
hourly resultant wind vectors show that changes in TSS concentrations happen on longer time
scales. It seems that hourly winds do not have sufficient time to set up resultant wind driven
mechanisms that resuspend sediment. This was also observed in Booth et al. (2000), whereby
24-hr wind resultants were better correlated with TSS values.

Significant surficial values that did not coincide with near-bottom values may not be
related to resuspension. It is assumed that if the values were related, they would also be reflected
in the near-bottom. This occurs as TSS concentrations move from source to sink, or areas closest
to sediment then up through the water column. However, it is possible that there are other
sources for the surficial TSS concentrations. Other possible sources of TSS are, but not limited
to, sediment input from local creeks, streams, Pamlico River and Sound. Surficial TSS could
also be transported by wave erosion, precipitation runoff and blown detritus from adjacent land

surrounding the field area.

Delineation of Natural versus Trawling

Each experiment can be categorized into the dominant forcing mechanism, natural or
trawling induced, by comparing the 24-hr resultant wind vector for each site/area, water column
hydrography (stratified or mixed) and TSS concentrations. For example, an experiment was
categorized as wind (natural) dominated if most or all of the following occurred: the 24-hr
resultant wind direction was from a sector with the largest fetch (e.g. NE or E), the hydrography
(T/S/DO) at the surface and near-bottom was relatively homogeneous (well-mixed) in both sites
and the TSS concentrations in the trawled site were within the confines of the non-trawled arca
(natural variation) for the entire exercise and trawl day in specific. Conversely, an experiment
was categorized as trawling (anthropogenic) dominated if the following occurred: the 24-hr
resultant wind direction prior to trawling was from a sector other than the largest fetch, the
hydrography (T/S/DO) exhibited a stratified water column and TSS concentrations within the
trawl site exceeded those observed in the non-trawl site immediately after trawling. The
delineation of natural or trawling dominated disturbances can be more easily seen by
superimposing wind direction on the TSS data within each area (surface and bottom) for cach
exercise (Fig. 5 - 6). The wind direction encompasses both the changes during each exercise and
the specific wind direction for the 24-hr period prior to each trawling event, since it was shown
to correlate better with TSS concentrations (Table 1).
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TABLE 1. Statistical analysis (r*,n,p) of total suspended solids (TSS) and daily/hourly wind
stress (t,) for each wind sector. P-values 0.05 or less are ifalicized and 0.01 or less are bold.

Area 1 Surface Area 1 Bottom Area 2 Surface | | Area 2 Bottom
7, vs TSS

Dailywind | ¥ | n | p r n P ¥ |n| p  'n| p
N 008 | 8 |050.| 012 | 8 | 0.41 0.03 [9/068 (002, 9 |0.75
NE 0.01 |10 |{0.76{| 0.88 | 10 | 0.00 0.01 10| 0.76 | | 0.74 : 10 | 0.00

E 005 8 {058;| 0.81 | 8 | 0.00 0.56 [8| 003|022 8 |0.24
SE 032: 8 |014|| 030 | 8 | 0.16 0.09 {8047 ||0.01] 8 |0.81
S 0.00 | 14 (097 || 0.19 | 14 | 0.11 0.01 14| 0.70 || 0.32| 14 | 0.03
SW 0.08 {12 |0.36|| 0.56 { 12 | 0.01 0.14 (13| 0.20 | | 0.01| 13 | 0.69
w - - - _ - - _ - - - _ -
NW 0.98 | 4 |0.01 027 | 4 | 048 0.96 (4| 002]|005| 4 |0.78

tHourly wind

N 023|110 |0.16|| 0.01 | 10 | 0.80 0.30 |13/ 0.05||0.41| 13| 0.02
NE 0.38| 11 |0.04|| 0.01 | 11| 0.82 055 (7| 006|086 7 |0.00
E 058 | 6 |0.08|| 0.29 | 6 | 0.27 0.23 |12/ 0.11 | |0.01] 12 | 0.79
SE 001 | 7 |0.85|]| 0.00 | 7 | 1.00 0.41 (14| 0.01 | | 0.03 | 14 | 0.56

S 0.74 | 10 |0.00 || 0.14 | 10 | 0.28 . 0.64 (8| 002]040| 8 [0.09
SW 028 | 9 |0.14|] 0.72 | 9 | 0.00 069 (6| 004,094 6 |0.00
w 049 | 3 |050|} 0.01 | 3 | 0.93 056 |3|1046 |(0.02] 3 |0.90
NW 0.67| 6 |0.04|] 024 | 6 | 0.33 096 [3|/014 1019 3 |0.71
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Natural Disturbances

The October 2001 and May 2002 (140-144) observations were a result of dominant natural
forcing parameters. The hydrographical parameters and mean trawl site TSS concentrations
during each experiment were indicators of more dominant wind-driven disturbances relative to
trawling. These disturbances occurred either at one instance or was thought to have been a
dominant factor throughout the experiment. October 2001 TSS concentrations in the trawled site
of Area 1 were within the confines of the natural variation (NT concentrations) observed. A NW
wind dominated the 24-hr period prior to trawling and increased TSS concentrations in both the
NT and T sites. However, the link between TSS and NW winds was inferred because the small
number of observations (n=4) prevented a better correlation of these variables. Area 2
concentrations for the trawled site were not as consistent. Surficial values after trawling were
higher than any natural variation observed and thought to be either directly related to trawling, or
a combination of trawling and local creek derived detritus. Near-bottom TSS concentrations
were within the natural variation observed, however, the mean valuc for the T site was higher
than the NT mean value on trawl day. Therefore, NW winds may impact the water column in A2
but not to the extent observed in Al. Radionuclide inventories for **Th and "Be show spatial
and temporal changes in both the NT and T sites for Al and A2. All of the temporal changes for
2%Th and "Be, except A2 NT 2*Th, reflect a decrease in inventories or removal of sediment
throughout the entire field area. This area-wide decrease of radionuclide inventories could
reflect a disbursement of sediment generated by a wind disturbance and transport, through wind-
driven mechamsms out of the field area (Rutgers van der Loeff et al., 2004).

The first May 2002 experiment (140-144) defined a punctuated wind disturbance. Area
1&2 TSS values, in both the NT and T sites immediately after trawling, were within similar
ranges. Furthermore, mean NT values after trawling were higher in all instances, except Al
surface, compared to the T site. The increased TSS values were related to the NE winds
occurring prior to the trawling event. It has been previously shown that winds from the NE
increase near-bottom TSS concentrations. This wind-driven disturbance also increased turbidity
levels (~30%) in the NT sites of both areas. Although the increase is not visible in the T sites,
any elevation in turbidity levels in the NT sites that coincided temporally with a wind
disturbance was thought to directly relate to that event.

Trawling Disturbances

The July 2001, second May (147-150), June and October 2002 experiments were
dominated by the trawling disturbance. Specifically, changes in the water column and sediment
were more controlled and affected by the invoked trawl event rather than atmospheric forcing.
Dominant wind patterns (e.g. S, SE etc.) generated little if any effect on the water column and
therefore, allowed the trawling disturbance to be easily observed.
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FIGURE 5. Area 1 (downstream) surface and near-bottom TSS data for each exercise vs. total
wind and the 24-hr resultant wind vector for the period prior to the trawl event.
TSS data is broken up into 1. A box and whisker plot for the NT site data during the
entire exercise to show total natural variation, 2. The mean and standard error for
the T site data on the day of the trawl event and 3. The mean and standard error for
the NT site data on the day of the trawl event. The dominant force believed to
control observations is denoted T for trawl or W for wind.
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FIGURE 6. Area 2 (upstrcam) surface and near-bottom TSS data for each exercise vs. total

wind and the 24-hr resultant wind vector for the period prior to the trawl event.

TSS data is broken up into 1. A box and whisker plot for the NT site data during the
entire exercise to show total natural variation, 2. The mean and standard error for
the T site data on the day of the trawl event and 3. The mean and standard error for
the NT site data on the day of the trawl event. The dominant force believed to
control observations is denoted T for trawl or W for wind.
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A north wind dominated the 24-hr period prior to trawling during the July 2001
experiment and thus inflicted a limited natural disturbance. Al trawl day mean TSS
concentrations were higher in the T site than the NT site immediately after the trawling event.
These T site concentrations were also higher than the natural variation (NT site) throughout the
entire experiment. Similar results were detected in A2, except for the near-bottom. This was
explained by the insignificant correlation of TSS values and wind stress from north sector.
However, it does seem possible that July 2001 represented a combination of trawling and wind
induced disturbances. This was evident as the mean trawl day TSS values were within close
proximity to the non-trawl area values. The October 2002 exercise was very similar to the July
2001 event. Resultant wind vectors (24-hr) prior to trawling were also from the north and the
natural variation of TSS concentrations was within the same range as observed during July.
However, the trawl day mean TSS concentrations in both A1&A2 were much higher.

The second May and June 2002 experiments were similar in their response to the trawling
event. Winds from the S and SE dominated the entire experiment. A1&A2 trawl day mean TSS
concentrations were twice that of the NT site immediately after trawling and also significantly
higher than the total range of natural variation observed throughout the experiments. An
increase in Al turbidity levels of ~50% was observed in the T site during both trawl events. An
increase in the same range was also observed in the T site during the June experiment. The
substantial increase (10-100%) in TSS values and 50% in turbidity measurements compared to
all other experiments can be explained by mixing. The water column is well-mixed by wind-
induced mechanisms as winds were from the sectors of largest fetch. Therefore, any pulse of
sediment directly related to trawling during these wind events was immediately
dispersed/transported throughout the water column. This disbursement of sediment produced
relatively homogenous TSS concentrations. However, high TSS concentrations directly
attributed to trawling were observed when winds were from areas of small fetch (e.g. S, SE, etc.).
In that case, the sediment was disbursed into the over-lying water column and not transported out
of the area. The significant increase remained for a period of less than 24-hours before it setiled
out of suspension. This temporal range was solely a function of the sampling protocol whereby
the high TSS values were not observed during the next sample collection (day after). The
mixing effect was also observed in the DO concentrations.

Thorium-234 data supports these observations as larger temporal variations of inventories
existed in the T site compared to the NT site. In all cases, except for the May 2002 (147-150) Al
data, inventories increased relative to the NT site. This increase can be explained by the
scavenging of dissolved 2**Th, within the water column, by the resuspended sediments (Santschi
et al., 1999). The sediment was then re-deposited rather quickly because of the following three
factors: the calm atmospheric conditions that limited wind-driven mechanisms (e.g. tides and
currents) that promote transport, the salinity concentration (> 2-4 ppt) promoted flocculation of
clays and the localized turbid water generated by the trawl gear which aided in particle-particle
contact and thus flocculation (McAnally and Mehta, 2002). The re-deposition of these sediments
with higher 2**Th activities increased the inventories within the T sites relative to the NT sites.
This pattern would not have the same effect with respect to "Be due to the small atmospheric
source relative to the in situ 2 *Th source.
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Sediment Sources and Nutrient Fluxes

It has been previously mentioned that productivity can increase in response to sediment
resuspension as the associated organic matter is remineralized (Wainright and Hopkinson, 1997;
Garstecki ez al., 2002). Therefore, it was important to discuss the correlation (p-values) of TSS
values with the associated LOI (% organics) and how they related to natural or trawling induced
disturbances. P-values were typically much greater than 0.01 (0.628/October 2001 and
0.122/May 2002 140-144) in samples collected from surface waters when wind was determined
to be the dominant forcing mechanism. During these same exercises, bottom water values were
significantly correlated (p<0.01). However, p-values were Jess than 0.01 for both bottom and
surface waters in every case when trawling dominated, except surface water in July 2001 (p =
0.024) and bottom water in June 2002 (p = 0.035). This statistical analysis provides possible
insight into the possible origin of the organic matter during these resuspension events. Most of
the organic matter (OM) suspended in the bottom waters, regardless of the type of disturbance,
more than likely originated from the bottom sediments. This was explained by the stronger
correlation of near-bottom TSS and LOI during all exercises. Conversely, surface water OM
may have originated from a combination of other sources (e.g. bank erosion, stream transport)
during natural or wind-driven resuspension experiments, not simply from the bottom. The strong
correlations between the TSS and LOI during the trawling events suggest a common source of
sediment (e.g. bottom sediments). Thus, the trawling disturbance resuspends bottom sediments
and quickly mixes the water, transporting these sediments into the surface waters.

More importantly, winds from areas of largest fetch occurred only ~50% of the time,
during the combined 2001-2002 typical trawling season, May-October (Table 2). This suggests
that within South Creek an increase in TSS concentrations directly related to trawling would
have been observed approximately half of the time. However, most areas of the Pamlico Sound
and other heavily trawled regions are not fetch limited. In that case, wind-driven disturbances
may be a more important sediment resuspension mechanism than trawling.

TABLE 2. 24-hour wind vector percentages for the 2001 and 2002 trawling season. Data in
bold indicates wind sectors and percentages for areas of largest fetch.

Direction 2001 2002|{Combined

N 14.13 8.33 11.26
NE 10.33 19.44 14.84
E 13.59 15.00 14.29
SE 8.15 7.78 7.97
S 21.20 15.56 18.41
SwW 19.02 20.56 19.78
W 543 5.00 5.22
NW 8.15 8.33 8.24
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Assessment of Distrubance ;: Nutrient Resuspension

In most estuaries, the amount of nutrients supplied by external sources (€.g. atmospheric
deposition, river runoff, nitrogen fixation) has consistently been shown to supply less than that
required by primary producers (Dugdale and Goering, 1967; Haines, 1976; Windom et al., 1975;
Stanley and Hobbie, 1977; Kuenzler et al., 1979; Nixon, 1981; Stanley and Hobbie, 1981; Fisher
et al., 1982; Boyer et al., 1988; Kemp and Boynton, 1992). The remainder of the nutrient
supplies must, therefore, come from in sifi regeneration and recycling. A major component of
this internal recycling is exchange at the benthic boundary. The benthic environment 1s
particularly important due to the large portion of organic matter that reaches the sediment surface
after settling out of the water column. This organic matter is then remineralized, a process
during the decomposition of organic matter where inorganic nutrients, such as nitrogen and
phosphorus, are released, thus increasing concentrations of these in the interstitial waters. The
newly regenerated nutrients are then transported back to the water column through exchange
with overlying waters. In most shallow-water systems, surficial sediments and the overlying
water are continually interacting, exchanging and redistributing particles and solutes, making this
recycling process extremely important for understanding nutrient dynamics in the estuarine
environment (Wells and Kim, 1989; Rizzo, 1993; Rizzo and Christian, 1996; Alperin et al.,
2000). The amount of nutrients that the sediments deliver to the overlying water column would
be considerably greater than diffusion alone in those areas that are frequently disturbed through
natural or anthropogenic processes (Fanning et al., 1982; Kristensen et al., 1992; Sondergaard et
al, 1992; de Jonge et al., 1995).

Porewater nutrients were measured at1 cm intervals down to 10 cm in cores collected prior,
the day of, and following trawling disturbances. Cores were collected in both the non-trawl and
trawl study areas. Porewaters were analyzed for ammonium (NH;"), nitrate and nitrite (NO5™+
NO,), and reactive phosphate (PO4 )

Vertical profiles of porewater NH,' concentrations for the top 10 cm typ1cally exhibited
increasing concentrations with depth for all sampling locations. The NH," concentrations ranged
from approximately 10 pM at the sediment water interface to as high as 1000 uM at near the
bottom of the core. Typical NH," concentrations at 8-10 cm ranged between 500-800 pM.
Nitrate and nitrite ranged from 0.1 to 1.5 pM, typically decreasing with depth into the sediments.
It can readily be seen that nitrate-nitrite concentrations, as intermediates in sediment N redox
reactions, compose a very small amount of the total porewater nitrogen in companson to
ammonium, generally representing <1% of the total N. The distribution of PO4 concentrations,
ranging from 1 to 80 pM, displayed the same general trends as porewater NH,  concentrations.
A representative porewater data set is presented for the June 2002 trawl experiment (Fig. 7 and 8,
see appendix for all downcore plots).

In order to facilitate porewater interpretations, depth profiles were integrated to provide a
nutrient porewater inventory for the top 10 cm. Inventories were then normalized to the initial
core collected at individual sites for each exercise. Therefore, subsequent changes in inventory
would either be >1, increase in inventory, or <1, decrease in inventory (Fig. 9-14). However,
changes in porewater inventories occurred in both the trawl an no trawl sites at approximately
the same magnitude of variation. These cores collected in the trawl area had most certainly been
disturbed by the trawls doors, chains, and net. Therefore, any change in porewater
concentrations/inventory associated with trawling is either to subtle to measure due to natural
variation or recovered quicker than our post-trawl sampling.
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FIGURE 9: Normalized porewater inventories for cores collected during the July 2001 trawling

experiment. Two cores were collected from each area in order to evaluate spatial
heterogeneity.
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FIGURE 10: Normalized porewater inventories for cores collected during the October 2001

trawling experiment. Two cores were collected from each area in order to
evaluate spatial heterogeneity.
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FIGURE 11: Normalized porewater inventories for cores collected during the first week of the

May 2002 trawling experiment. Cores were also collected just prior and after
trawling.
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FIGURE 12: Normalized porewater inventories for cores collected during the final week of the
May 2002 trawling experiment. Data from Trawl Day refer to cores collected
immediately following the cessation of trawling.
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FIGURE 13: Normalized porewater inventories for cores collected during the June 2002

trawling experiment. Data from Trawl Day refer to cores collected immediately
following the cessation of trawling.
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FIGURE 14: Normatized porewater inventories for cores collected during the June 2002

trawling experiment. Data from Trawl Day refer to cores collected immediately
following the cessation of trawling.
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Water Column Nutrients

Variation in water column parameters in the no-trawl sites.

Temperature, salinity, and dissolved oxygen evinced little temporal or spatial variation
during each of the experiments in the no-trawl sites. Temperatures varied 1-3 degrees during an
experiment, and annually from 30 °C in July 2001 to 18 °C in May 2002. Salinity averaged
about 9 parts per thousand (ppt) in 2001 and 13 ppt in 2002. Salinity stratification was
ephemeral and limited to a 3 ppt difference between surface and bottom waters.

The water column commonly stratifies with regard to dissolved oxygen in South Creek,
particularly during the warmer months when the bottom water may become hypoxic (Stanley
1988,1997). However, marked differences in surface and bottom dissolved oxygen concentration
occurred only sporadically during the course of the experiments, and hypoxia was observed on
only 3 days (11 July 2001, 1.4 mg It 28 May 2002, 1.98 mg I''; 14 June 2002, 1.7 mg 1™).
Dissolved oxygen values normally ranged from 4-9 mg 1.

Nitrate plus nitrite concentrations varied modestly, remained at low concentrations (< 1
pM) during each experiment, and failed to show marked spatial or temporal variability (Figure
15A). Ammonium concentrations typically ranged from 0.5 to 1.5 uM, with outliers as high as
4.5 pM (Figure 15B). Highest daily mean values occurred during July 2001. Bottom
concentrations were usually equal to or greater than surface values.

Orthophosphate concentrations were consistent during an experiment, but varied by a
factor of 2 or 3 between experiments (e.g. May 24 versus June 10 experiments; Figure 15C).
Orthophosphate also showed a strong seasonal pattern in which values increased between July
and October 2001, were lowest in May 2002, and rose again in June 2002. Mean orthophosphate
concentrations ranged from 0.1 to 1.4 pM.

Mean chlorophyll concentration varied from 8-25 ng 1! throughout the study (Figure 15D).
However, variability was high, particularly in the May experiments when individual values
ranged from 10-45 ug 1. Surface and bottom values were usually similar with the exception of
the May 27 experiment, when bottom values were consistently higher.

Total suspended solids (TSS) concentrations were the lowest during July 2001 (Figure 15
E). Average TSS values ranged from 20 to 37 mg 1 in July, and from 40 to 60 mg " during the
remainder of the study with outliers as high as 80 mg 1I'l. Daily averages varied by a factor of 2
to 3 during the May 2002 experiments, but by less than half this range during the other
experiments. Bottom TSS values usually exceeded surface values.

Photosynthetic active radiation (PAR) decreased sharply with depth. Incident light energy
was reduced by 40-80% within the initial 0.25 meters of the water column. Virtually all bottom
PAR readings ranged from 0-2% of the light energy level at the air-water interface (data not
shown).

None of the above water column parameters showed large or consistent spatial
differences between the upstream (Area 2) and downstream (Area 1) sites used for the trawling

experiments. Depth was the only consistent variable in this regard; depth at the upstream (Area
2) sites ranged from 1.75-2.4 m, and ranged from 2.25-3.5 m at the downstream sites (data not

shown).
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in turn includes a pair of open and a pair of hatched box plots representing water
samples taken at the near surface (0.25 m) and near bottom (2.5 — 3 m) depths,
respectively. The numbers at the top of each panel indicate the area (1 or 2) the
particular site was located in. A) nitrate + nitrite; B) ammonium; C)
orthophosphate; D) chlorophyll a; D) total suspended solids
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Impacts of trawling

Turbulence produced as trawl gear is pulled through the water column could generate a
mixing action similar to that of the wind. However, we found no consistent correlation between
trawling and the CV of any of the water column parameters, although there is some indication
that trawling can reduce hypoxia. For example, during the June 2002 experiment, bottom
dissolved oxygen concentration remained low (~ 4.0 mg 1"y at the upstream no-trawl site but
rose to equal surface DO concentrations (~ 6.2 mg 1"} at the trawl site on the day of trawling
(Figure 16).

We expected that the diagnostic feature of a trawl impact would be an abrupt elevation in
the concentration of nutrients, chlorophyll a, and total suspended solids relative to the untrawled
sites. However, significant increases in nutrients and chlorophyll a coincident with trawling
were only occasionally observed during the 5 experiments (Table 3). Furthermore, these
responses were typically limited to a single area and / or depth. In contrast, surface and bottom
concentrations of total suspended solids were usually significantly higher in the trawl sites
following trawling than in the corresponding no-trawl sites (Table 3). Concentrations of TSS in
the trawl sites on these occasions were 10-40 pg 1" higher than in the untrawled sites (Figure 17
A-B).

All increases in water column nutrients, chlorophyll a and TSS coincident with trawling
showed a single peak lasting no more than 24 hours (Figure 17 A-B; Figure 18 A-C). No
significant correlation was found between wind stress and either the mean or the coefficient of
variation of each nutrient. Furthermore, we detected only a small positive impact of wind stress
on mean chlorophyll a concentration.

Ammonium, orthophosphate, and chlorophyll a concentrations observed during this study
were similar to those reported for comparable times of the year in South Creek and adjacent
regions of the Pamlico River (Stanley 1988, 1997), and in the mid-region of the Neuse River,
North Carolina (Christian et al. 1991). However, the nitrate plus nitrite concentrations obtained
were less than half of those reported by these workers. Given the importance of riverine input on
local nitrate-nitrite concentration (Kuentzler et al. 1984, Stanley 1988, 1997; Mallin 1994;
Pinckney et al. 1998), the low values reported here may have resulted from the reduced river
flow during the preceding winter. Low river flow would also account for the higher than normal
salinity of South Creek during 2001 and 2002 (Stanley 1988, 1997).

The most surprising finding of the study was the minor effect of trawling on nutrient
loading of the water column. We observed only a single trawl-related occurrence of elevated
ammonium concentration, two occurrences of increased orthophosphate concentration, and no
identifiable effect of trawling on nitrate-nitrogen concentration. Trawling also had a similar
minor impact on chlorophyll a concentration. Warnken et al. (2003) detected a 3-fold increase in
ammonium efflux from trawled sediments held in 8 1 incubation chambers. Nevertheless, the
range of ammonium efflux rates between untrawled and trawled sediments in their Galveston
Bay study was within the normal range of efflux rates of untrawled sediments measured in
previous years (Warnken et al. 2000).
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TABLE 3. Results of two way (trawl x day) analyses of variance (ANOVA) evaluating the
impact of trawling on the concentration of chlorophyll (CHL), ammonia (NHa),
nitrate plus nitrite (NO,), orthophosphate (PO,), and total suspended solids (TSS) in
South Creek, North Carolina. Bonferroni multiple comparisons tests were done to
determine probability (p) values in the event of significant trawl effect in the
ANOVA. Asterisks indicate p values as following: * =p <0.05; ** =p < 0.01; ***
=p <0.001; **** = p <0.0001. “ns” = not significant.

Experiment Area Depth CHL NHs NO, POs TSS
July 1 Surface ns ns ns ns o
16-23 1 Bottom ns ns ns ns i
2 Surface ns ns ns ns ns
2 Bottom ns ns ns ns o
October 1 Surface **Eons ns ns ns
11-18 1 Bottom ns ns ns ns ns
2 Surface bl ns ns ns ns
2 Bottom ns ns ns ns **
May 1 Surface * ns ns ns ns
20-24 1 Bottom ns ns ns ns ns
2 Surface ns ns ns ns ns
2 Bottom ns ns ns ns ns
May 1 Surface ns ns ns ns ns
27-30 1 Bottom ns ns ns ns fkx
2 Surface ns i ns IR
2 Bottom ns ns ns ns *
June 1 Surface ns ns ns ns il
10-14 1 Bottom ns ns ns ns gl
2 Surface ns ns ns Thx e
2 Bottom ns ns ns A ke
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The impact of trawling on nutrient loading would depend upon the depth of sediment
penetration by the trawl gear, nutrient concentrations within the sediment pore water prior to
trawling, advective and dilution processes, and the timing of sampling relative to the occurrence
of trawling. We were not successful in directly measuring the depth of gear penetration in this
study. However, measurements of ammonium pore water concentrations at 1 cm depth intervals
in sediment cores taken before and after trawling suggest that at least the upper 1 cm of sediment
had been removed. This penetration depth is similar to that reported for commercial shrimp
trawlers in Galveston Bay, Texas (Warnken, et al. 2003). Our estimate of ammonium pore water
concentration at 1 em depth varied from 50-150 uM, or about 30 to 100 times higher than the
ammonium concentration of the overlying water. If trawling removed the upper 1 ¢cm of
sediment of a 300 m x 300 m area, this would represent an input of about 8.1 x 10° 1 into the
water column assuming a sediment porosity of 0.9. Addition of this volume of pore water
ammonium into a 3 m deep water column with an ammonium concentration of 1.5 pM, would
increase the concentration of ammonium in a completely mixed water column by 0.15 — 0.4 uM.
These rough calculations suggest that trawling would have to homogenize 2 or more cm of
surface sediments in South Creek to enable detection of a significant increase in water column
ammonium concentration under conditions of no advection.

Timing of sampling could also have influenced our estimation of the impact of trawling on
nutrient loading. Time-intensive sampling of sediment plumes produced during disposal of
dredged sediments in freshwater, estuarine, and marine systems indicate than order of magnitude
increases in ammonium and phosphate return to pre-disposal values within 10-30 minutes (Jones
and Lee 1981). We began sampling the trawl plume within 5-10 minutes of the cessation of
trawling, and continued sampling for approximately 30 minutes. If attenuation rates of
suspended ammonium and orthophosphate were similar to those observed by Jones and Lee
(1981), then up to half of the samples would have been collected after concentrations had
refurned to near ambient levels. Sampling during the process of trawling may provide a clearer
estimate of the magnitude of nutrient loading.

Assessment of Water Column Productivity

Oxygen production values (mg O3 liter " hour!) obtained from the light / dark bottle
experiments were converted to mg Carbon m™ hr-! using the expression

Net Photosynthesis (mg C nr™> hr'') = [(O2 LB)-(O, 1B)] (1000)(0.375) (8)
(PQX1)

where (O, LB) is the dissolved oxygen concentration in the light bottle after t hours, (O IB) is
the initial dissolved oxygen concentration, and PQ is the photosynthetic quotient (Wetzel and
Likens1991). PQ is a measure of the relative amounts of carbon and oxygen involved in
photosynthesis. The value of PQ varies with species of algae and environmental conditions; a
value of 1.2 was used in these calculations. The value of 0.375 represents the molar ratio of
carbon to oxygen. The conversion of oxygen production to carbon was carried out in order to
facilitate comparison with other studies of estuarine primary production.

The hypothesis tested in the primary production experiments was that trawling would
stimulate net photosynthesis. This traw] effect was expected to be manifested as an abrupt
increase in productivity in the trawled sites relative to the untrawled sites. In the June and
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October 2002 experiments, the effect of trawling was assessed by comparing productivity values
in the trawl and no trawl sites prior to the day of trawling, with those obtained on the day of
trawling. In the August 2003 experiment we added a pre-trawling sampling episode in the trawl
sites so that production could be compared before and after trawling, on the day of trawling.

In the June 2002 experiment, productivity of surface water samples in the upstream (Arca
1) and downstream (Area 2) trawl sites were similar the day before trawling (11 June) and the
day of trawling (12 June) (Fig 19 A-D). In addition, surface productivity of the trawl site on
trawl day was ecither equivalent to that of the no trawl site (Area 1), or significantly less than the
no trawl site (Area 2) (Table 4). Bottom water samples showed a qualitatively similar pattern to
that of surface water samples on trawl day in the trawl and corresponding no trawl sites. Mean
production values ranged from 20-92 mg C m-3 hr-1 for surface samples and from 17 to 74 mg C
m-3 hr-1 for bottom samples during the initial half of this experiment. Productivity was higher
and showed lower variability at all sites and depths during the latter half of the June experiment
with values generally falling within a range of 75-120 mg C m-3 hr-1 (Fig 19 A-D).

Surface and bottom water productivity in the trawl sites during the October 2002
experiment increased markedly between the day prior to trawling (11 October) and the day of
trawling (Fig 19 E-H). Productivity on the day of trawling was also significantly higher in trawl
sites than in the no trawl sites for water collected from both depths, with the exception of surface
water samples in the downstream area (1) (Table 4; Fig 19 G). In this laiter case, the rate of net
photosynthesis of no trawl samples was approximately 25% higher than the trawl site samples.
Mean rates of photosynthesis of surface water samples varied from 100 to 350
mg C m™ hr', whereas those for bottom water samples ranged from 25— 150 mg C m™ hr'" The
primary productivity in October 2002 was approximately twice that observed during the
preceding June.

The August 2003 primary production experiment differed from the previous two
experiments in two important respects. First, the experiment was confined to the downstream
sites (area 1). Second, an additional st of surface and bottom water samples was taken from the
designated trawl sitc immediately before trawling. Surface and bottom rates of photosynthesis
were substantially higher in samples collected from the trawl site on the day of trawling
compared to those on the day prior to trawling (Fig 19 I-K). Rates of photosynthesis for samples
collected from the no trawl site showed little change during this same time period. On the day of
trawling, the rates of photosynthesis in both surface and bottom samples collected immediately
after trawling were significantly higher than those collected immediately before trawling
(“trawl” versus “pre-trawl”; Fig 19 J), and markedly greater than those collected from the no
trawl site (Fig 19 J; Table 5). Rates of photosynthesis of surface water samples during this
experiment were comparable to the high values obtained during the October 2002 experiment.
However, primary productivity of the bottom samples were equal to or greater than that of the
surface samples (i.e. 275 -380mgC m™ hr'), and thus approximately 2-10 times greater than
that obtained during the June and October 2002 work.

The primary production values obtained during the June experiments in South Creck are
similar to those reported by others who worked in the Pamlico River (Davis et al. 1978) and the
Neuse River (Boyer et al. 1993). However, ‘many of the October and August values lic outside
of the ranges reported by these investigators. These high production values apparently reflect an
ongoing phytoplankton bloom during October and August, as indicated by the high
concentrations of ammonium and orthophosphate (Fig 20 A-F), and the high phytoplankton
biomass (Fig 20 G-L) during these expeniments.
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FIGURE 19. Primary production during the June 2002 (A-D), October 2002 (E-H), and August
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TABLE 4. Pair-wise comparisons of surface net primary productivity values (mg C m> hr') of

the trawl and no-trawl sites during the October 2002 field experiments. Site area is
denoted by the number 1 or 2 in the “Site” column. Differences between the means of
the paired sites are listed in the “Difference” column, and the corresponding
probability of obtaining each difference by chance is given in the “P” column.

Date Depth Site Difference P
10-10 Surface trawl,1 - no trawl,1 55.3961 0.000000
trawl,2 - no trawl,2 2.52038 0.995036
10-10 Bottom trawl,1 - no trawl,1 49.1868 0.721394
trawl,2 - no trawl,2 -12.8912 (0,000001
10-11 Surface trawl,]1 - no trawl 1 1.40922 0.999973
trawl,2 - no trawl,2 3.93023 0.991081
10-11 Bottom trawl,1 - no trawl, 1 -9.45670 0.176326
trawl,2 - no trawl,2 -0.977833 (.999944
10-12 Surface trawl,1 - no trawl,1 -63.2212 0.000000
Trawl trawl,2 - no trawl,2 41.3462 0.000000
Day
10-12 Bottom trawl,1 - no trawl,1 52.1635 0.000000
Trawl trawl,2 - no trawl,2 16.3462 0.000018
Day
10-13 Surface trawl,1 - no trawl,1 10.2569 0.035661
trawl,2 - no trawl,2 21.4976 0.000000
10-13 Bottom trawl,1 - no trawl, 1 10.2569 0.039093
trawl,2 - no trawl,2 21.4976 0.000020
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TABLE 5. Pair-wise comparisons of surface net primary productivity values (mg C m”
hr'") of the traw] and no-trawl sites during the August 2003 field experiments. All work was
confined to Area 1 (downstream). Pre-trawl and post-trawl refer to water samples taken at the
trawl site immediately before and after trawling, respectively. Differences between the means of
the paired sites are listed in the “Difference” column, and the corresponding probability of
obtaining cach difference by chance is given in the “P” column.

Date Depth Site Difterence P

8-19 Surface trawl - no trawl 5.94450 0.676560
8-19 Bottom trawl - no trawl -14.0391 0.000035
8-20 Surface pre trawl - post trawl -31.9590 0.022220
Trawl post trawl - no trawl 127.157 0.000000
Day

8-20 Bottom pre trawl - post trawl -50.2656 0.000028
Trawl post trawl - no trawl 87.6160 0.000000
Day

8-21 Surface trawl - no trawl 38.9897 0.043684
8-21 Bottom trawl - no trawl 1.67014  0.813665
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FIGURE 20. Near surface and near bottom water column nutrient (A-F) and chlorophyll (G-L.)
concentrations at the trawl and no trawl sites in South Creek on trawl day during
the June 2002, October 2002, and August 2003 experiments.
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Spatial and temporal differences in primary production may reflect differences in
phytoplankton biomass, or differences in rates of photosynthesis. In the former instance, more
carbon is fixed because more phytoplankton cells are present; in the latter case, more carbon is
fixed because each phytoplankter is fixing carbon at a faster rate. Normalizing net photosynthesis
to phytoplankton biomass by computing the carbon to chlorophyll ratio can show which of these
components of primary production were most important in generating observed differences in
production between trawled and non-trawled sites during the field experiments.

In the June experiments, when trawling was not associated with increased primary
production, no consistent pattern is apparent in the normalized productivity values (Fig 21 A-D).
On of the day of trawling, carbon to chlorophyll ratios for the trawl sites were equal to or less
than those of the no trawl sites (Fig 21 C). Thus trawling In June 2002 did not produce a local
increase in phytoplankton biomass, nor did it lead to a stimulation of the rate of photosynthesis.

However, in the October 2002 and August 2003 experiments, a temporal shitt in the
normalized production values for the surface water samples of the trawl sites is clearly evident
Fig 21 E-H and I-K). Prior to trawling, productivity per unit biomass of phytoplankton was
higher in the no trawl sites, but following trawling, was substantially higher in the trawl sites.
Thus the greater primary production described earlier for the downstream (area 1) no trawl site
on trawling day during the October experiment resulted from a nearly 2 fold greater abundance
of phytoplankton (Fig 20 H). This difference in phytoplankton biomass therefore “masked” an
actual relative increase in carbon fixation per unit biomass that occurred in the trawl site
.samples.

The above findings may be summarized as follows. Trawling was not associated with
enhanced net photosynthesis during the June 2002 experiments when nutrient concentrations,
phytoplankton biomass, and primary production values were low. However, trawling was
coincident with enhanced net photosynthesis in the October2002 and August 2003 experiments
when nutrient concentrations, phytoplankton abundances and primary production values were
high. The enhanced production was driven by a greater rate of carbon fixation per unit
phytoplankton biomass in the surface water samples, and by a greater phytoplankton biomass in
the bottom water samples.
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in South Creek, NC, during the June 2002 (A-C), October 2002 (E-H), and
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SUMMARY AND CONCLUSIONS

Natural occurrences of sediment resuspension and associated dynamics seem to incur a
similar impact on the water column compared to trawling. Wind (24-hr resultant vector)
influenced certain resuspension mechanisms that mixed the water column and disturbed
the sediments in 2 of the 6 experiments performed. It was also determined that winds
from areas of largest fetch had the largest impact on the water column. Specifically,
winds from the NE, E and SW sectors have been shown to impact the water column with
respect to hydrography, TSS concentrations and turbidity and mask the impacts related to
trawling

The trawling event was the dominant force in the other 4 experiments as the 24-hr
resultant wind vectors were from sectors with a relatively small fetch (S & SE).

Increases in trawl day near-bottom TSS concentrations were considerably higher in the
trawled sites compared to the non-trawled sites. Those trawl site TSS concentrations
were also higher (10-100%) than the total range of natural variation observed during each
experiment. The associated sediment characteristics (¢.g. porosity, grain size, etc.) were
relatively homogeneous throughout each experiment and displayed no observable trend
with respect to the punctuated trawling event.

The temporal variations in radionuclide inventories could only be used to describe the
fate of resuspended sediments because of the amount of samples collected and the limited
statistical analysis that could be performed.

Porewater nutrient concentrations showed no observable impact associated with trawling.
Natural variations during majority of the exercises, as determined in non-trawled areas,
were as great as those observed in areas that were actively trawled.

Trawling was not associated with enhanced net photosynthesis during June 2002
experiments when nutrient concentrations, phytoplankton biomass, and primary
production values were low.

Trawling was coincident with enhanced net photosynthesis in the October 2002 and
August 2003 experiments when nutrient concentrations phytoplankton biomass, and
- primary production values were high.

The enhanced production was driven by a greater rate of carbon fixation per unit
phytoplankton biomass in the surface water samples, and by a greater phytoplankton
biomass in the bottom water samples.

Our findings imply that trawling is not a significant local source of nutrient loading, and
that it has a limited impact on sediment dynamics. Nevertheless, it is important to
emphasize that we presently understand little of the chronic impacts of trawling on water
column parameters, and how trawling disturbance affects the composition and bio-
geochemical functioning of displaced particle layers.
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Impacts of bottom trawling on sediment and water column biogeochemistry and
functional attributes of the water column (eg. primary production, are subtle with respect
to other direct impacts, eg. by-catch and habitat alteration.

IMPACTS AND RECOMMENDATIONS

Our work did not specifically focus on the sediment water interface, e.g. the benthic
nephloid layer. This nepheloid layer is a labile mix of sedimentary particles, detrital
matter, and microbiota of water column and benthic origins. It may act as a site of
diagenesis and organic carbon cycling and as a food resource for dermersal zooplankton
and benthic macrofauna. This layer has not been well-studied in the Pamlico Estuarine
System, but given its potential importance in the exchange of energy and materials
between the water column and the benthos, more needs to be learned about its
functioning and its sensitivity to disturbance in order to place trawling impacts in an
appropriate context.

Our findings suggest that trawling disturbance does not constitute an important source of
nutrient loading to estuaries like South Creck. This conclusion carries the caveat that our
research, and that of similarly interested other workers, have focused on the short term,
acute effects of trawling. Chronic impacts of trawling on nutrient loading remain
unstudied.

Our work certainly had some advantages and limitations; it was conducted South Creek,
which has been closed to trawling. This allowed us to isolate the disturbance throughout
our field exercises. However, this also limited the study to a very small portion of the
Albemarle Pamlico Estuarine System. We recommend that work be extended into
Pamlico Sound and include areas of different sediment character and subjected to
intensive bottom trawling.

Our sampling design required a controlled area. We would recommend a change in
sampling design when moving into larger bodies of water with little to no control on the
areas disturbed. Therefore, a lagrangian approach may be better served in Pamlico Sound
or other larger bodies of water.

During the course of this work, we focused on acute impacts of bottom trawling. Our
findings do not support a significant impact with regard to porewater or water column
nutrient concentrations. However, further research must be conducted in areas that are
consistently trawled on a daily/seasonal basis. Therefore, there needs to be some long-
term studies with greater spatial coverage.
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EXTENSION OF RESULTS

We have made many attempts to inform others of our work through professional
publications, local and national meetings, web sites, and web-based publications. These include:

Presentations ,

West, T.L., D.R. Corbett, L M. Clough, M.W. Calfee, J.E. Frank. Effect of wind and trawling on
sediment resuspension and primary production in South Creek.. 17" Annual Symposium
of the Duke/UNC Oceanographic Consortium. Nov 21-22, 2003

Corbett, D.R., D. Giffin, J. Frank, T. West, L. Clough, W. Calfee. The role of sediment
resuspension in nutrient cycling. Estuarine Research Federation, Seattle, Wa. September,
2003.

West, T.L., D.R. Corbett, L.M. Clough, M.W. Calfee, J.E. Frank. Effects of Wind Versus
Commercial Fish Trawling on Nutrient Loading and Water Column Productivity in the
Pamlico River Estuary, North Carolina. Estuarine Research Federation, Seattle, Wa.
September, 2003.

Corbett, D.R., T. West, L. Clough, J. Frank, W. Calfee. Potential Impacts of Bottom Trawling on
Water Column Productivity and Sediment Transport Processes. North Carolina
Commercial Fishing Show. February 22, 2003.

West, T.L., D.R. Corbett, L M. Clough, M.W. Calfee, J.E. Frank.. Impacts of trawling on

estuarine water column structure and nutrient concentration. 16™ annual Symposium of
the Duke/UNC Oceanographic Consortium. Nov 22, 2002.

Frank, J., D.R. Corbett, T.L. West, L.M. Clough, M.W. Calfee. Comparative evaluation of
natural and trawling sediment disturbance via short-lived radionuclides, in sifu monitors
and remote sensing techniques in the Pamlico River Estuary, North Carolina. Symposium
on Effects of Fishing Activities on Benthic Habitats: Linking Geology, Biology,
Socioeconomics, and Management. Tampa, Fl. November 12-14, 2002.

West, T.L., D.R. Corbett, L.M. Clough, M.W. Calfee, and J. Frank. Impacts of trawling and
wind disturbance on water column processes in the Pamlico River Estuary, North
Carolina. Symposium on Effects of Fishing Activities on Benthic Habitats: Linking
Geology, Biology, Socioeconomics, and Management. Tampa, F1. November 12-14, 2002

West, T., R. Corbett, L. Clough, W. Calfee, J. Frank. Impacts of natural and anthropogenic
disturbance on water column attributes of the Pamilco River Estuary, NC. BENTHIC
Conference, Orlando, NC March 21-23, 2002.

Publications

West, T., R. Corbett, L. Clough, W. Calfee, J. Frank. Impacts of trawling and wind disturbance on
water column structure, sediment resuspension, and nutrient loading in the Pamlico River
Estuary, North Carolina. Estuarine, Coastal and Shelf Science, In Prep.

West, T., R. Corbett, L. Clough, W. Calfee, J. Frank. Primary Production in trawled and non-
trawlied locations in South Creek, NC. In Prep.

Frank, J., D.R. Corbttt, T.L. West, L.M. Clough, M.W. Calfee. . Natural and Trawling Induced
Sediment Disturbances in a Tributary of the Pamlico River Estuary, NC. . Estuarine, Coastal
and Shelf Science, In Prep.
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STUDENTS
Many students were involved in this project directly (see list of Theses/Dissertations
below) and through volunteer help. These students include:

James Frank, ECU
Worth Calfee, ECU
Lorin Gaines, ECU
Dan Giffin, ECU
Lance Tulley, ECU
Jon Friedrichs, ECU
Clay McCoy, ECU
Chris Smith, ECU

Theses/Dissertations
Frank, James, 2004. . Natural and Trawling Induced Sediment Disturbances in a Tributary of the
Pamlico River Estuary, NC. MS in Geology, East Carolina University.

Calfee, W. Micorbial Response to Disturbance in the Pamlico River Estuary. PhD Dissertation
in progress. Expected graduation: Spring 2006
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