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Background
Many of the world’s largest and most prosperous civilizations began along the coasts of oceans,
estuaries, rivers and lakes. The ease of transportation and abundance of resources provided by water
bodies made them desirable settlement locations. Today these trends continue. Half the world’s
population is reported to live within 60 km of the ocean (World Health Organization, 2012). Likewise, in
the US, coastal counties not including those of Alaska, make up only 17% of the total land area but
comprise nearly 54% of the population (NOAA, 2011). These are common trends worldwide and as the
world’s population continues to grow the distribution of people will continue to be weighted toward coast
lines and large water bodies.
Today, recreational benefits such as boating, fishing, swimming, and aesthetics also attract people
to coastal areas. Increases in demand have driven up the prices of waterfront housing. Developers use a
number of techniques to create waterfront property to meet these demands. For example, in communities
such as Pine Knoll Shores (PKS), NC, canals were created by dredging natural marsh lands and
depositing fill material on canal banks. There are many other examples along the coast of NC, as well as
in Cape Coral, FL, Venice, CA, and New Orleans, LA. With the development of waterfront properties
comes the possible introduction of contaminants associated with residential housing and construction.
PKS is located in Carteret County, NC, in the Bogue Banks portion of the Outer Banks (Fig. 1).
The town is 7.7 km long and less than 1km wide. Development of the canal began in the 1960’s, starting
from the sound and working towards the ocean to form the U-shaped canal that is there today. There are
several dead-end fingers off the main channel of the canal as well as two boat marinas that house vessels
year round. The canal ranges between 25 and 30 m wide, is approximately 2 m deep at low tide, and has
an average tidal range of about 0.5 m. The banks of the canal have been developed as residential
properties. Dredging was conducted as recently as 2007 to maintain the canal and allow for boat traffic.
Between 1980 and 2000, the population of PKS grew by 135% (Coastal Resources Commission
2009) and removal of maritime forest for development allowed for increased volumes of runoff to enter
the canal. In 1981 the NC Shellfish Sanitation Division found the canal waters to be inappropriate for
shellfish harvesting due to elevated levels of fecal coliforms, and in 1984, following several years of high
fecal bacteria counts, a closure on shellfish harvesting was issued. Immediately after closure, Duke

Figure 1. Pine Knoll Shores canal located on Bogue Banks, NC. Image from Google Maps.
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Marine Institute (now Duke University Marine Laboratory), was hired to conduct a study of hydrological,
biological, and chemical aspects of the canal. The canal was found to be fairly well flushed, but fecal
indicator bacteria levels were elevated throughout the system (Ritts and Larson 1984). In a follow-up
study in 1992-1993, concentrations of fecal indicator bacteria were found to be higher than North
Carolina standards and residents reported increased frequency and duration of algal blooms (Kirby-Smith
1994). These problems were largely attributed to culverts that directed stormwater runoff from Highway
58 into the canal (Kirby-Smith, 1994). The findings from Kirby-Smith (1994) and Ritts and Larson
(1984) suggested that the water quality in the canal may be affected by the increased development.
The purpose of this study was to document the present water quality in the Pine Knoll Shores
canals and improve understanding of the factors influencing water quality in the system. While similar to
previous studies, this study used modern techniques, measured a wider range of parameters, and involved
assessments of tidal flushing and groundwater inputs to the canal system. The study was broken into four
focus topics: 1) tidal flushing, 2) groundwater inputs, 3) phytoplankton and inorganic nutrients, and 4)
bacteria. The primary objectives were to observe the spatial and temporal patterns in water quality
parameters in the Pine Knoll Shores canal, to relate their variation to environmental processes, and to
assess their impact on the systems overall health. We sought to provide information to the Town of Pine
Knoll Shores that would aid management of the canal system.
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Chapter 1: Circulation and Flushing
1. INTRODUCTION
The transport of dissolved and particulate materials in water bodies is controlled to a large extent
by water motion. Currents transport materials horizontally and turbulence mixes them vertically. Currents
can be driven by a variety of factors including differences in water level, horizontal density gradients due
to salinity and temperature, and wind acting on the water surface. This chapter focuses on two key aspects
of water motion in the Pine Knoll Shores canal that can have significant effects on water quality: flushing
and sediment resuspension. In closed or semi-closed systems like the Pine Knoll Shores canals in which
there may be sources of nutrients and other contaminants, the extent to which these materials are able to
accumulate depends on the flushing of the system. The length of time a water parcel remains in the
system is therefore an important factor to consider when investigating water quality in an enclosed or
semi-enclosed system (Monsen, 2002). If this time is long compared to time-scales for phytoplankton
growth, and nutrient inputs are high, algal blooms can occur. A second important effect of water motion is
that as water moves across the sediment due to currents and waves, it exerts shear forces on the bottom. If
these forces are large enough, sediment particles can be lifted off the bottom into suspension where they
are transported by currents and turbulence. Sediment can affect water quality directly by reducing water
clarity, and indirectly due to associations between sediment particles and micro-organisms.

2. METHODS
2. 1 Drifter Releases
A fleet of 7 drifters were constructed for release within the PKS canal to provide a qualitative
picture flow within the system over a tidal cycle. The drifters were modeled on a design described in
Johnson et al. (2003). Each drifter consisted of a capsule, a backpacking GPS unit and a sub-surface
drogue (Fig. 1). The capsule was 14” tall and was constructed out of standard 4” PVC piping with a slip
cap on the bottom and a threaded sewer cap on the top, to allow for GPS access. To minimize the
influence of the wind, underwater drogues were added to each capsule. The drogues were cones that
measured 14” high and 8” in diameter and were created from 18 oz vinyl coated polyester (VCP) sewn to
heavy tubular nylon webbing. A 9” stainless steel hose clamp was inserted into the tubular nylon to help
the cone keep its shape and keep the opening negatively buoyant. The completed cone was then tied to the
bottom of the capsule with fishing netting twine.
The GPS fleet consisted of five Garmin Rino 520 units and two Garmin Rino 610 units. GPS
units logged their position every 20 s. Contact information for each drifter GPS was stored in a ‘master’
GPS unit that was kept on the deployment vessel to allow drifter positions to be polled. The GPS units
were mounted in the upper part of the capsule with Styrofoam to maximize signal reception. To
counteract the GPS mass a diving weight was added as ballast to the bottom of each capsule.
Drifters were deployed on three days, coinciding with water quality measurements and water
sample collection. On the first sampling date (Sept 22), the drifters were used without drogues and
therefore were more susceptible to wind slip. The drifters were set out at points 1-7 from 12:15 to 3:30
PM, bracketing the 1:37 PM low tide. The same release pattern was used on the second sampling day (Oct
3) but the deployment was from 11:30 AM to 5:30 PM, bracketing the 12:15 high tide. On the third
sampling day (Oct 8), the deployment ran from 3:30 to 4:40 PM, bracketing the 4:14 PM high tide.
6

Figure 1. Drifter and Drogue Design

2.2 Current profiler measurements and analysis
Two acoustic Doppler current profilers (Nortek Aquadopp) were deployed in the canal for two
time periods during the fall 2012 sampling. These instruments measured profiles of currents over the
entire water column. For the first deployment (Sept 12-15), Aquadopps were placed at the east and west
entrances of the canal and instruments recorded velocities in 10-cm increments at 1-min intervals. For the
second deployment (Sept 28-Oct 8), Aquadopps were programmed to measure velocities in 20-cm
increments and 5 minute intervals. The instruments were initially positioned at the East entrance and
about half way along the back stretch of the main canal. On Oct 3, the Aquadopp at the back of the canal
was moved to the end of the cul-de-sac.
Velocities were recorded by the Aquadopp in cardinal (ENU) coordinates. Water velocities were
converted to along- and across-channel coordinates. The along channel velocity was defined as positive
when the water was flowing from west to east in the canal system. The positive across channel direction
was defined as moving towards the left wall of the canal when facing the positive along channel direction.
For each water sampling time and location, the length of time the water had been in the canal
system (its age) was estimated from current meter data. First, the distances of each sampling site from the
east and west entrances of the canal were measured using Google Earth. The displacement of a water
parcel over time was computed by integrating the Aquadopp velocity data with respect to time. A plot of
position vs. time was generated for each site where the current meter was placed. For each sampling time
7

and location, we determined whether the water parcel had entered the system from the east or west
entrance. The age of the water was reported as the difference between the sampling time and the time the
water parcel entered the canal (Fig. 2). The velocity data from the east entrance was used to calculate the
age of water on sampling days 1 and 2. For sampling day 3, the Aquadopp at the back of the canal was
used. To determine the age of water at the end of the cul-de-sac, the same method was used to determine
the amount of time it would take the water parcel to reach the entrance of the cul-de-sac. The position plot
from the cul-de-sac was used to determine how long it would take a water parcel to travel to the sampling
site. This value was then added to the time it took the water parcel to reach the entrance of the cul-de-sac
to determine the age. Due to the variability in the velocities in the cul-de-sac this number has the highest
uncertainty.

Figure 2. Example age of water calculation. The blue curve is the distance traveled by a water parcel through the
canal system, calculated from the time-integral of velocities measured by the current meter.

Bottom shear stress was estimated from current profiler data and used to estimate the potential for
sediment resuspension. The bottom shear stress () was computed from the current 1-m above bottom
(U), the water density (w), and the bottom drag coefficient (CD).


 CD  U 2
w
The Shields parameter, a measure of the ratio of destabilizing forces due to water motion to stabilizing
gravitational forces, was computed as an indicator of the potential for sediment resuspension. When the
Shields parameter exceeds a critical value, sediment resuspension is expected to occur. It was assumed
that the average sediment particle diameter did not vary along the canal. The Shields parameter,, was
computed from:
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where we assumed s=2650 kg/m3, w=1000 kg/m3, g=9.8 m/s2, d=0.065 mm. It was assumed that
sediment resuspension may have occurred when the Shields parameter exceeded a critical value of 0.05.
2. 3 Tidal prism and flushing time calculations
A 2009 base map of bathymetry for Pine Knoll Shores provided by GeoDynamics, Inc., included
depth information for the majority of the canal, including marinas and the cul de sac. Some areas near the
canal edges were too shallow and difficult to access and were therefore missing from the bathymetry data.
The data was loaded into ArcGIS in a raster format, and converted to point data using a raster-to-point
spatial analysis. The point data was extrapolated to the boundaries of the canal using a spline interpolation
technique. A high resolution map of the Pine Knoll Shores canal system was provided by the NC Division
of Marine Fisheries Estuarine Habitat Mapping Unit and was located using the NCONEMAP system. The
total area of the canal was estimated for both high and low tides, the difference being areas recorded as
intertidal in the estuarine benthic habitat map. Intertidal areas were excluded from the MLLW canal area
calculation, and included for the MHHW canal area calculation.
Volume was calculated below the “0” or MLLW water level using ArcMAP volume tool in the
Spatial Analysis toolbox. The tidal range, or average difference between MLLW and MHHW, was
determined by averaging the tidal range measured by the Aquadopp over several tidal cycles. The tidal
prism volume was calculated as the difference between the volume of water in the canal at MLLW and
MHHW.
The volume of water in the canal that was exchanged with the sound during a tidal cycle (V)
was estimated from the current measured at the canal entrance (u) and the cross-sectional area of the canal
(A) from the equation

V 



u A dt

tidal
cycle

This was then used to estimate the fraction of water in the canal that was flushed during a tidal cycle.

3. RESULTS
Drifter releases illustrated that flow direction in the main channel of the canal reverses with the
tide. All of the drifters changed directions at approximately the same time; there was little time lag along
the length of the canal. The cul de sac release indicated almost no current; the drifter moved only about 30
m in four hours. Aquadopp current measurements corroborated the trends identified in the drifter releases.
At the back of the canal, the flow changed direction just after high and low tides (Fig. 3). The same tidal
influence was not seen in the cul-de-sac (Fig. 4). The average current in the cul-de-sac was only 0.03 m/s,
verifying that there is little flushing of this part of the canal.
Our measurements suggest that the residual flow, the time-averaged flow over periods longer than
a tidal cycle, varies with time (Table 1). During the first deployment, the residual flow in the main
channel was directed from west to east through the canal. For the second deployment the residual flow
was east to west and the magnitude of the residual changed over the course of the deployment (Fig. 5).
The largest residual flow observed was 0.05 m/s at the east entrance; however, in general, residual flows
were smaller than 0.02 m/s. Residual flow in the cul-de-sac was close to zero.

9

Figure 3. Current profiles along the back stretch of the canal. Color represents the along-channel velocity in m/s,
time is day of year, and hab indicates the height above bottom.

Figure 4. Current profiles in the cul de sac. Color represents the velocity in m/s, time is day of year, and hab
indicates the height above bottom.

Figure 5. Distance a water parcel traveled from its
initial position, estimated by integrating current
measurements at the east entrance of the canal with
respect to time. Residual flow was estimated from the
slope of fits indicated by the black lines. During the
first part of the deployment, the residual flow was
close to zero while during the second half of the
deployment there was a westward (negative) residual
flow of ~2 cm/s.

From our current meter measurements and volumetric analysis of the canal, we estimate that, on
average, 70% of the total canal volume is exchanged with the sound in a tidal cycle (Table 2). Because
flow through the canal is not the same for every tidal cycle (e.g., Fig. 5), the fraction of the canal that is
flushed during a tidal cycle is estimated to vary between 50% and 90%.
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Table 1. Residual flows through the canal over periods longer than a tidal cycle.
Location
East entrance
West entrance
East entrance
East entrance
Back of Canal
Cul-de-sac
Cul-de-sac
Cul-de-sac
Cul-de-sac

Time period
(day of year)
256.4-261.4
256.4-261.4
272.6-278.9
278.9-282.5
272.6-277.7
277.7-279.4
279.4-281.4
281.4-281.8
281.8-282.4

Residual Flow
m/day
cm/s
4350
5
-1770
-2
112
0.1
-2230
-2.6
1320
1.5
729
0.8
304
0.3
-379
-0.4
998
1.1

Table 2. Volumes of water in the main channel of the canal, calculated from bathymetry data, tidal prisms from
water level measurements, and exchange volumes estimated from current measurements in canal entrances.
Volume at
MLLW (m3)
1.2 x 105

Volume at
MHHW (m3)
2.4 x 105

Average
volume (m3)
1.8 x 105

Tidal prism
(m3)
1.2 x 105

Average volume
exchanged (m3)
1.2 ± 0.4 x 105

Fraction
exchanged
0.7 ± 0.2

Shields parameters calculated from Aquadopp velocity measurements suggest that shear stresses
at the east entrance and along the back of the canal could cause resuspension of non-cohesive sediment
with a grain size of 0.0625 mm. Shear stresses in the west entrance and the cul-de-sac never were never
large enough to cause sediment resuspension. Because we do not have information about sediment grain
sizes and cohesiveness, we were unable to determine conclusively whether sediment resuspension within
the canal system was likely.

Figure 6. Shields parameters at the back of the canal (left) and in the cul de sac (right). Red line is the critical
Shields parameter value of 0.05. Values above this line represent times when resuspension might have occurred.
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4. DISCUSSION
This chapter has focused on four main aspects of flow within the canal system that could affect
water quality. GPS drifters were used to analyze general characteristics of flow within the canal. Drifter
results from the first sampling day indicated that tidal influence was larger than previously assumed. The
synchronized reversal of drifter motion at high and low tide indicated that the canal is well connected to
the sound. Drifters released in the cul-de-sac moved a total distance of ~30m over the ~4hr deployment,
much less than any other drifter that was not entangled during the deployment. The relatively small
amount of movement within the cul-de-sac indicates a much longer flushing time than the main part of
the canal.
Current profiler velocity data for the back of canal and cul-de-sac further supported our drifter
findings. The cul-de-sac velocity averaged 3 cm/s and did not exceed 5 cm/s, whereas the back of canal
currents reached >20 cm/s twice per tidal cycle. This difference in velocities indicates a large disparity in
mixing and flushing time between the cul-de-sac and the main channel of the canal. Additionally, the culde-sac acts as a closed or partially closed system while the main channel is open to the sound on two
ends. Further research on the cul-de-sac using multiple current profilers and/or longer releases of multiple
drifters would be valuable to determine how the residence time varies along the length of the cul-de-sac,
since exchange with the main channel is likely higher at the mouth of the cul-de-sac than in the dead end.
Although the system is tidally dominated, there is a residual flow through the canal. This residual,
however, did not remain constant over different sample sites and time periods. Water age, the amount of
time that a water parcel had spent in the canal system, depended on the time it had entered the canal
during the tidal cycle. The oscillation of water parcels through the canal due to changes in tides created a
spatially and temporally variable system in terms of water age. In the main channel, age was usually less
than a tidal cycle; however, water parcels could remain in the system for as long as 3-4 tidal cycles. These
variations depended on the point around the canal that was sampled and the magnitude of the tides before
samples were taken. Given the complicated nature of the system and the variations in tidal excursions in
the system, it is difficult to develop a predictive model for age. Over a long time scale, however, the back
of the canal is expected have a greater frequency of long ages, since this area is farthest from either
entrance and therefore has the highest probability of containing water parcels that have been in the canal
for several tidal oscillations. Age calculations further confirmed the long flushing times in the cul-de-sac.
On average, the age in the cul-de-sac was ~20 times higher than the back of the canal.
In conclusion, our analysis highlighted the following key characteristics of the canal. First, the
main portion of the canal (excluding the cul-de-sac) is flushed daily. This flushing is a function of the
tidal range, the length of the canal and the volume of the canal. Second, water movement due to tidal
switches causes an oscillatory motion through the canal. These oscillations cause the age at any time to be
highly spatially variable but water in the back of the canal has a greater probability of being older, and
could be as large as several days. Therefore, if the canal system was longer we could expect a
significantly longer flushing time due to the oscillatory motions. Finally, the cul-de-sac experiences very
little water motion compared to the main channel and should therefore be considered a distinct system,
from a hydrodynamic standpoint.
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Chapter 2: Groundwater
1. INTRODUCTION
Submarine groundwater discharge to surface waters can be a concern in coastal environments if
groundwater is contaminated by anthropogenic inputs. Groundwater can transport nutrients and
contaminants into surrounding surface water systems. An increased influx of nutrients can lead to
eutrophication, and result in hypoxia, fish kills, and nuisance algal blooms. Eutrophication can
significantly alter the ecosystem and degrade the water quality (Lotze 2006). In other cases, groundwater
inputs can dilute contaminants from other sources. Understanding groundwater composition and inputs
into the surrounding environment is therefore important.
Because groundwater input varies greatly with time, is dispersed over a wide area, and can be
complicated to define, it is often difficult to quantify fluxes of groundwater entering a system (Burnett et
al. 2006). Differences in water level (hydraulic gradients) between surface water and ground water drive
fluxes of water in and out of bottom sediments. These water level differences between surface and
groundwater can be influenced by tides, waves, and winds. Recharge patterns can affect the groundwater
level, influencing discharge rates. Finally, temperature gradients generated by geothermal heating can
affect the movement of groundwater (Burnett et al., 2006). Fluxes between groundwater and surface
water therefore vary in time due to a variety of mechanisms and can reverse direction.
Groundwater discharge can cause significant nutrient input to surface water systems (Valiela et
al., 1978; Krest et al., 2000; Corbett et al., 2000). For example, Valiela et al. (1978) observed significant
inputs of nutrients, especially inorganic nitrogen, in groundwater entering salt marshes. Similarly, Krest et
al. (2000) found that submarine groundwater discharge into salt marshes accounts for more nutrient
loading on the coast of South Carolina than all loading attributable to the state’s rivers. Around the same
time, Corbett et al. (2000) estimated that nutrient inputs from groundwater were similar to those from
freshwater runoff in eastern Florida Bay.
Because groundwater typically moves slowly throughout the sediment, pollutants can remain in
the system for long periods (Barlow, 2003). Depending on the composition of the sediment, these
pollutants can be adsorbed to sediment grain surfaces or they can pass through the sediment at the same
rate as the water itself. Knowledge of soil characteristics is therefore critical to understanding water
movement through the ground and ultimately into surface waters.
The canal system in PKS is lined with hardened vertical structures known as bulkheads. The
bulkheads prevent natural horizontal groundwater flow. Instead, to enter the canal, fresh groundwater is
forced to flow down and under the bulkheads. Potential issues in the Pine Knoll Shores canal associated
with groundwater input include nutrient loading from septic tank wastewater leakage or drain fields and
fertilizer or pesticide use. Below we describe well and tracer measurements designed to investigate
groundwater inputs into the canal that could be a source of contaminants.
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2. METHODS
2.1 Groundwater level measurements
Groundwater wells were installed at three locations near the Pine Knoll Shores canal, each 2 m
behind the bulkhead. Wells were made from 2-m long sections of PVC pipe with small horizontal slits in
the bottom 0.5 m to allow groundwater to flow in and out of the well. A pressure gauge was placed in the
bottom of each well.
The three sites for the groundwater wells were chosen from limited options because the majority
of the land along the canal is residential. The sites will be referred to as sites 1, 4, and 6 and were located
near the corresponding water sampling sites described in chapter 3. Site 1 is located in the canal’s east
entrance in McNeil Park, on the outer bank of the canal. It was inserted 2.1 m deep. Site 4, in the back
stretch of the canal at Hall Haven marina on the inner bank was 2.1 m deep. Site 6 is in the west entrance
of the canal at Brock Basin park and marina. Similar to site 4, it is located on the inner bank. It was 1.8 m
deep. All soil types in this area are dominated by fine-grained sand (Goodwin, 1987). A pressure gauge
was also placed in the canal so that water level differences between the wells and canal could be
calculated. An atmospheric pressure sensor was installed just above ground level so the pressure in the
wells could be corrected for atmospheric pressure to determine the pressure from the water column. Both
of these pressure gauges were located at Site 2, a residence on the south side near the end of the cul-desac, because this location was central to the three wells and was least likely to be affected by tampering.
The wells were deployed for 34 days (Sept. 18 – Oct. 22, 2012) and were monitored biweekly.
Monitoring consisted of extracting the data from the pressure sensor, taking a manual measurement of the
water level, and taking salinity measurements.
2. 2 Analysis of groundwater level measurements
Water levels in both the canal and wells varied with the tides. There was a slight phase lag
between canal and well water levels; the lag was estimated from the time difference between peaks in the
two water level measurements.
Pressure sensor measurements were first corrected for atmospheric pressure, then converted to
water levels using the equation
/
where h is water level, P is pressure,  is water density, and g is acceleration due to gravity. Although
canal surface elevations were measured in this study, the absolute elevation was not recorded, making it
impossible to correct this data to the true elevation. We were therefore unable to calculate the head
difference between the groundwater and the canal from our data.
The amplitudes of the water level oscillations in the wells, aw, and in the canal, ac, were
determined, allowing calculation of a tidal efficiency, A (Rotzoll et al. 2012):
/
2. 3 Measurements of Radon and salinity in the canal
Radon in the water column was used as a tracer for groundwater (Burnett et al., 2006). A Rad7
radon detector was used to map out spatial patterns of radon in the Pine Knoll Shores canal. Water was
continuously pumped from the surface of the sound and canal into the Rad7. It passed by an aspirator,
14

where radon was released, and then into the sensor, where the first decay of radon, polonium, was
measured. The Rad7 provided a measurement every five minutes.
Right at high tide, the pumps were started at the control site in the sound to obtain several radon
measurements before entering the west entrance of the canal. The time on the Rad 7 was set to match the
time on a GPS, and coordinates were recorded along the transect line as radon measurements were taken.
A Conductivity Temperature Depth (CTD) sensor was also towed behind the boat to provide continuous
salinity and temperature readings at the surface along the canal. The boat followed the outer edge of the
canal about two and a half meters away from the bulkhead until exiting at the east entrance. The same
method was repeated during ebb tide, starting at the opposite side of the canal. The boat followed the
inner edge of the canal beginning at the east entrance and exiting at the west entrance. These transects
were designed to observe spatial trends in groundwater flux along the canal, and its variation with the
phase of the tide.
Sediment samples were taken at each entrance and in the cul-de-sac so that the flux of Radon due
to the sediment in the absence of groundwater flow could be estimated. The Radon flux due to diffusion
from sediments was estimated by measuring the wet bulk sediment for Ra-226 using a germanium
detector.
2.4 Seepage meter sampling
Seepage meters were used to measure the exchange between groundwater and surface water
(Rosenberry, 2008). The seepage meters were constructed from small plastic rectangular tubs. Two 1.5
cm holes were drilled into the short sides of the tubs. One hole on each side was drilled closer to the base
of the tub, while the other was drilled directly above it, near the top. The holes were covered with 150micron Nitex mesh that allowed low salinity water seeping into the tub to slowly take the place of high
salinity ambient water. Two conductivity sensors were attached to cords that ran laterally across the
seepage meter. One was aligned with the top set of holes, and the other was aligned with the bottom set.
The two seepage meters were placed in the canal upside down at site 2, the cul-de-sac, and site 6,
the marina near the east entrance. Sites 2 and 6 were chosen for sampling, because risk of tampering and
boat traffic affecting results was lower in these locations. The conductivity sensors in the seepage meters
recorded salinity for two weeks from 4 to 22 October.

3. RESULTS
3. 1 Groundwater wells
There was little variation in the slowly varying (sub-tidal) water levels in the wells and canal,
indicating that no rainfall events during the monitoring period were large enough to cause a significant
change in the groundwater level. The water level elevations in both the canal and groundwater oscillated
with the tide (Fig 1). There was a phase lag of 100 minutes between the canal and well water surface
elevations. The amplitudes of well surface elevations variations were smaller than those in the canal (Fig.
1, Table 1). This is because the canal is an unrestricted system where water can flow freely, while
groundwater flows through paths that are restricted by the surrounding sediment and strongly affected by
friction.
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Figure 1. Water levels in the canal and in one of the wells during a representative 24-hr period. These measurements
were taken from the well at Site 6 and the Canal at Site 2 on Oct 3. Note that the Canal Water Elevation is precise,
but not accurate because the data lacked a reference elevation.

Table 1. Amplitudes of tidal variation and tidal efficiencies in the three wells
Canal
Amplitude (m)
Tidal Efficiency

Well 1
0.91

Well 4
0.56
0.62

Well 6
0.42
0.47

0.57
0.62

3.2 Spatial patterns in Radon and salinity
During the high tide transect, Radon levels were higher at the east canal entrance and decreased
from east to west (Fig. 2). Radon measurements ranged from 350 to 650 decays per minute per liter at
high tide. During the ebb tide transect 2 hours later, Radon levels decreased from west to east and range
from 100 to 700 decays per minute per liter. While there was range of radon levels along each transect,
values were very high throughout the canal. For comparison, radon levels in the ocean are about 1 decay
per minute.
Salinities along the same transect at high tide were highest at the east end of the canal and
decreased from east to west throughout the canal (Fig. 3). Two hours later, after the tide had reversed,
more saline water was observed entering the west end of the canal. Salinities were lowest in the cul-desac, and were generally lower along the main channel at intersections with marinas and small cul de sacs.
3.3 Seepage meter results
Although temporal patterns in seepage meter measurements were difficult to interpret, salinities
within the seepage meters were consistently lower than in the canal, suggesting that there was a
significant flux of fresh water entering the canal system through groundwater.
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Figure 2. Radon transects along the canal. Units for Radon concentration are in decays per minute per liter. X and Y
axes are GPS coordinates in decimal minutes.

Figure 3. Salinity transects along the canal. Salinity is measured in parts per thousand. X and Y axes are GPS
coordinates in decimal minutes.
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4. DISCUSSION
4.1 Freshwater lens
Natural barrier island groundwater dynamics are typically dominated by the presence of a lens of
fresh groundwater on top of denser saline groundwater. This study found strong evidence that this fresh
water lens is intact in the Pine Knoll Shores area. Salinity measurements on water in the wells indicated
they contained fresh groundwater (1-3 ppt salinity). Additionally, the seepage meters indicated significant
fresh groundwater discharge into the canal.
4.2 Tidal influence
The elevation of water levels in the groundwater adjacent to the canal is strongly influenced by
tides; the mean tidal amplitude in the wells was approximately half a meter (Fig. 1). The water table drops
rapidly during ebb tide and rises during flood tide, and slightly lags the water level in the canal. The drop
in groundwater elevation between high and low tide means an amount of groundwater proportional with
the drop in elevation has moved out of the system; the closest outlet is the canal, which has a lower
hydraulic head than the groundwater at low tide (Fig. 5).
The salinity distribution in the canal (Fig. 3) indicates that there is significant freshening of water
while it is in the system. The spatial distribution of salinity in the canal varies with time over a tidal cycle;
generally, the longer water has been in the system, the fresher it is. Measurements of salinity over time
from a different time period at the east entrance bridge illustrate that high salinity water is introduced into
the canal through this entrance during flood tide and fresher water is flushed out during ebb tide (Fig. 4).
The sudden increase in salinity following low tide is likely due to the reversal in the direction of water
motion at low tide, and a transition from freshened canal water to more saline sound water passing the
sensor. This is further evidence of significant freshwater discharge into the canal.

Figure 4. Water level and salinity versus time at the East Entrance Bridge near site 1 during February 2012
(Lindquist, unpublished).
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Figure 5. Conceptual model of exchange between groundwater and the canal at low and high tide.

The influence of tides on groundwater has several important implications for groundwater
discharge. We know that fresh groundwater is discharged during low tide when the hydraulic head is
higher in the groundwater than in the canal (Fig. 5). However, since the water in the canal is saline, at
high tide when the hydraulic head is higher in the canal than in the groundwater, salt water is expected to
intrude into the groundwater from the canal. This means that there is an area below the canal that
alternates between fresh water and salt water with the tides. The location and width of this mixing zone
are expected to be controlled by a variety of factors including the depth that the bulkheads extend below
ground, the amplitude of the tides, and the permeability of the sediment. The presence of this zone means
that not all groundwater discharge into the canal will be fresh. The density difference between the
freshwater lens and the underlying saline water is likely important for the dynamics of the groundwater
surface water exchange and could influence the total flux of fresh water into the canal system. The details
of this exchange would be an interesting topic for further research.
4.3 Groundwater discharge
Our measurements suggest that the total groundwater discharge into the canal is high. This is
indicated by the high concentrations of radon in the canal, two orders of magnitude above the
concentration of radon in oceanic seawater (Fig. 2). It is clear from salinity transects along the canal and
salinity time series measurements that there is significant freshwater input into the canal, likely due to a
combination of runoff and groundwater input. Overall, we can conclude that there is enough groundwater
discharge to have a strong effect on the composition of the water in the canal; therefore, groundwater has
the potential to be a pathway for nutrients and other contaminants into the canal system.
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Chapter 3: Water Quality
1. INTRODUCTION
The United States Geological Survey defines water quality as a measure of the suitability of water
for a particular use based on selected physical, chemical and biological characteristics of the system
(Cordy, 2001). Water quality encompasses many factors that affect the ecosystem health as well as
human health (Cecchi and Mancini, 2005). To assess the water quality of the Pine Knoll Shores canal,
the bacterial community was analyzed along with nutrients, chlorophyll a, and total suspended solids.
The analysis of the bacterial community serves to evaluate any potential risk of the canal water to
human health. While the Pine Knoll Shores canal was not originally built for swimming, people
occasionally swim in and around the canal. Human contact and ingestion of some species of bacteria can
be harmful. Escherichia coli (E. coli) is a bacterium commonly used as an indicator for fecal
contamination, as well as Enterococcus in saline environments (USEPA, 2011). Fecal indicator bacteria
such as these are non-pathogenic, but they serve as a proxy for potentially pathogenic strains of bacteria
and viruses. The USEPA’s criteria to maintain safe surface waters for recreation set limits for E. coli and
Enterococcus at 320 MPN/100mL and 104 MPN/100mL for marine waters, respectively (USEPA,
2011). Vibrio sp. are an autochthonous bacterium found in marine and estuarine environments
worldwide. Aquatic, heterotropic, and halophilic Vibrio sp. have ecological importance in the recycling of
nutrients (Thompson et al., 2006). Recent attention has been drawn to the genus because their increased
abundance adds them to a list of emerging bacterial pathogens (Tantillo, 2004; Hsueh, 2004). There are
nearly 100 described species of Vibrio, but only a few are pathogenic. Specifically, V.
parahaemolyticus and V. vulnificus were studied because these are the two most common pathogenic
Vibrio sp. in the U.S. (Newton et al., 2004). Vibrio sp. can cause wound infections, fatal septicemia and
gastroenteritis depending on the species of pathogen and health status of the infected individual. The
quantification and identification of Vibrio species is important because, while most food-borne illnesses
are declining in the United States, Vibrio infections are increasing (CDC, 2012).
The health of the ecosystem in the Pine Knoll Shores canal must be considered in conjunction
with human health. Ecosystem health plays an important role, affecting human health on both a local and
global scale (Cecchi and Mancini, 2005). Healthy ecosystems are more effective at providing ecosystem
services. According to Schwartz et al. (1993), the canal serves as a nursery for 25 species of fish, as well
as numerous invertebrates. This nursery has the potential to contribute to stocks in Bogue Sound. In order
to assess ecosystem health for the Pine Knoll Shores canal, levels of nutrients and primary productivity
were examined. Nutrients such as nitrates (NO31-) and nitrites (NO21-), phosphates (PO43-), and
ammonium (NH41+) have been documented as limiting nutrients in aquatic ecosystems (Paerl, 2009).
These macronutrients (N and P) have been shown to stimulate the growth of primary producers in coastal
systems. Chlorophyll a is a proxy for phytoplankton abundance which provides insight to the biomass of
primary producers in the system (Banse, 1977). Total Suspended Solids (TSS) is a measure of the
amount of suspended particles in the water column (Standard Methods 20th Edition). These suspended
particles can lead to light limitation which reduces primary production within the system, affecting the
bacterial community (Bilotta and Brazier, 2008). Also, the settling of the particles can potentially
smother fish eggs (Argent and Flebbe, 1999). The North Carolina state standard for chlorophyll a in
sounds and estuaries is a maximum of 40 μg/L (Surface Waters and Wetland Standards, 2007).
Discharges of TSS are limited to 20 mg/L for all other High Quality Waters (Surface Waters and Wetland
Standards, 2003). Historically, values of nitrates in the Pine Knoll Shores canal ranged from 33 to 65
20

μg/L, values of nitrites ranged from 2 to 21 μg/L, and values of phosphates ranged from 42 to 142 μg/L
(Ritts and Larson, 1984).
The major concerns for a water body adjacent to a development, such as Pine Knoll Shores, are
human health and ecosystem health. Man-made canals are built in order to increase property value and
accessibility to the water. An understanding of the overall water quality of the system is vital, in order to
maintain the integrity of the ecosystem and ensure human safety. Furthermore, in a man-made dredge and
fill system surrounded by housing development, like the Pine Knoll Shores canal, anthropogenic inputs
are likely to affect the ecosystem and human health of the water body. In 1984, Ritts and Larson from the
Duke University Marine Lab conducted a study on various aspects of the water quality in the Pine Knoll
Shores canal. They found a range of chlorophyll a concentrations in the canal between 0.7 and 5.6 μg/L
(Ritts and Larson, 1984). Kirby-Smith and colleagues conducted the next known study of the Pine Knoll
Shores canal in 1994. Kirby-Smith et al. (1994) found that levels of fecal coliform ranged from 1.8 to
350 MPN/100mL. In the 1980s, the Division of Shellfish Harvesting closed the Pine Knoll Shores canal
for harvesting due to elevated fecal coliforms. Closures and thresholds of nutrient and bacteria
concentrations are based on acceptable risk for either consumption or contact as specified by a water
body’s designated uses (USEPA, 2011). New methods and research techniques (such as IDEXX and
CHROMagar for bacterial analysis) have emerged since the Ritts and Larson and the Kirby-Smith studies
and were used in this research.

2. METHODS
2.1 Sample sites
Seven sample sites were used in this study to assess water quality. Five of these sites were evenly
distributed along the length of the main U-shaped channel, one site was at the end of the longest cul de
sac, and an additional control site was located within Bogue Sound (Fig. 1, Table 1).

Figure 1. Using ArcGIS, the six sample sites, the main control site, the three groundwater wells, and the current
profiler meter locations were all mapped around the canal.
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A control site was chosen in Bogue Sound. The control from the first sampling date was changed
for all subsequent sampling dates because it was influenced by the canal. Our second control was located
in the middle of Bogue Sound. High levels of fecal coliforms (FC) were previously found in the western
end of the canal system; sources were also found around the middle portion of the eastern end (KirbySmith, 1994). Site 3 and 5 were located in the eastern and western corner, respectively, to further
investigate this FC trend. Site 4 was placed under Mimosa Bridge to capture possible sources of pollution
from stormwater runoff and to understand the water transport of bacteria and nutrients between the east
and west bends of the canal. Sites 1 and 6 were placed at the entrances of the canal, where it met Bogue
Sound. Site 2 was located at the end of the cul-de-sac on the east side of the canal, where there was little
exchange with the main canal. Site 7 was the original control site located approximately 100-meters
offshore of Bogue Banks, halfway between the Pine Knoll Shores canal entrances. A separate control site
was used after the first sampling event because of similarities between water characteristics in the canal
and the control on the first sampling day. The new control was placed further into the middle of Bogue
Sound and was named site 8.

Table 1. GPS coordinates of the eight samples sites including six sites in the canal and the two control sites.
Sample Site

Description

Coordinate

1

East Entrance

34.70293°N 76.80232°W

2

Cul-de-sac

34.69942°N 76.80766°W

3

East Corner

34.69781°N 76.80281°W

4

Under Mimosa Bridge

34.69696°N 76.81042°W

5

West Corner

34.69755°N 76.81812°W

6

West Entrance

34.70241°N 76.81673°W

7

Control (Original)

34.70510°N 76.81103°W

8

Control, half way between Bogue Banks and
Morehead City

34.71114°N 76.81022° W

2.2 Field Methods
Single surface grab samples were collected at each site using 2.5 L acid-washed (with 0.10
Normal HCl), opaque carboy. A Van Dorn was deployed to obtain bottom water samples at
approximately 0.25 meters from the bottom. The Van Dorn was released directly below where the surface
sample was taken. At each site, about 2.5 liters of bottom sample water were collected using the Van
Dorn and the water was then funneled into an acid-washed (0.10 Normal HCl), opaque carboy. All
samples were stored in coolers to ensure that no light affected the samples.
A YSI 6600VS Sonde was used in the field to measure water temperature, conductivity, and
turbidity. These parameters were taken at each of the seven sites in 0.25-meter increment depths. Salinity
was measured in the lab using a digital seawater refractometer (Hannah Instruments).
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2.3 Laboratory Methods
2.3.1 Total Suspended Solids
To measure Total Suspended Solids, each water sample was filtered and weighed using the
procedure from Standard Methods for the Examination of Water and Wastewater, 20th Edition. AP40
millipore glass-fiber filter disks were prepared. The filters were placed on the filtration apparatus, the
vacuum was activated, and 20 mL of reagent-grade water was poured through each filter three times. This
was repeated for every filter. The washed filters were placed in an aluminum weighing dish. They were
then put into an oven to dry at 103°C to 105°C for approximately 1 hour. The filters were then weighed
on a digital mass balance and the masses were recorded. Then approximately 500-600 mL of sample
water was filtered through the washed, dried, and weighed filters in the same vacuum filtration apparatus.
2.3.2 Nutrients
For nutrient measurements, 100 mL aliquots of sample water were filtered through Whatman 25.0
mm GF/F (nominal pore size 0.7 μm) into 150 mL polyethylene containers and stored at –20° C until time
of processing. Frozen nutrient samples were quick-thawed and nitrate/nitrite (NO2−, NO3−), ammonium
(NH4+), and phosphate (PO43−) concentrations determined using a Lachat Quick-chem 8000 auto-analyzer
(Lachat, Milwaukee, WI, USA; Lachat Quick-chem methods 31-107-04-1-C, 31-107-06-1-B, and 31-11501-3-C, respectively). Detection limits for NO3−, NH4+, and PO43− were 0.36 g/L, 2.87 g/L, and 0.69
g/L, respectively.
2.3.3 Chlorophyll a
For chlorophyll a measurements, 50 mL aliquots were filtered through Whatman 25.0 mm GF/F
filters (nominal pore size 0.7 μm) under subdued lighting. Filters were folded in half (filtered material on
the internal face), blotted to remove excess water, wrapped in aluminum foil, and stored in a freezer at
-20° C until extraction was performed. Chlorophyll a was analyzed using a modified version of the EPA
method 445.0, with narrow bandpass emission and excitation filters. Filters were extracted using a tissue
grinder in a 90% acetone solution. The extract was clarified after centrifugation with a syringe through
another Whatman 25.0 mm GF/F filter. Chlorophyll a concentrations were measured using a Turner
Designs Trilogy fluorometer (Turner Designs, Sunnyvale, CA, USA), using the non-acidification method
of Welschmeyer (1994).
2.3.4 Enumeration of E. coli and Enterococcus
Defined substrate technologies: Enterolert™ and Colilert-18® were used for enumeration of fecal
indicator bacteria. Enterolert™ was used to measure Enterococci, and Colilert-18® was used for total
coliforms and E. coli (IDEXX Laboratories, Westbrook, ME). Water samples (10-mL) were diluted in 90mL of deionized water and the pre-packaged media was added. Once the substrate dissolved completely,
solutions were poured into a Quanti®-Tray 2000 and closed using the Quanti®-Tray sealer. Enterolert™
samples were incubated at 41˚C for 20-24 hours and counted under UV light. Fluorescent wells were
counted positive. Colilert-18® was incubated at 35˚C for 18-22 hours and counted. Yellow wells were
positive for total coliforms; yellow and fluorescent wells were positive for E. coli. Microbial
concentrations were calculated and reported as most probable number (MPN) per 100-mL based on the
manufacture provided charts.
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2.3.5 Vibrio Culture Methods
The canal water samples from each site were diluted within an hour of collection to be used for
the isolation of total Vibrios, Vibrio parahaemolyticus, Vibrio vulnificus. To make a 1:10 water dilution
for each sample, 3 mL of water sample were added to 27 mL phosphate buffered saline (PBS).
Total Vibrio spp. were enumerated by filtering water samples onto 0.45um pore size, sterile
gridded filters ( GN-6 Metricel Grid, Pall) and placed onto Thiosulfate-Citrate-Bile salts-Sucrose (TCBS,
Difco) agar. Two dilutions and replicates were used for each sample. First, 5 mL of the 0.1mL dilution
were filtered onto the gridded filters and put on the TCBS plates. Then 5 mL of pure sample were filtered
onto the gridded filters and put on TCBS plates. After being incubated overnight at 34.5⁰C, yellow and
green colonies were counted as presumptive Vibrio spp and reported as colony-forming units (CFU) per
100 mL(Pfeffer and Oliver, 2003). The same filtering of dilutions and replicates was repeated but this
time the gridded filters were placed on CHROMagar Vibrio (CHROMagar, Paris, France), a medium
selective for V. parahaemolyticus and V.vulnificus, and placed in 37⁰C overnight. After incubation, the
purple colonies were counted as presumptive V. parahaemolyticus and the blue colonies were counted as
presumptive V. vulnificus and recorded as CFU/100 mL taking dilutions into account. For future
molecular analysis, 100 mL of sample from each site were filtered onto PC filters and added to a
microcentrifuge tubes and kept in -80 ⁰C.
2.3.6 Statistical Analysis
Differences in nutrients, phytoplankton, and TSS were analyzed using a one-way of analysis of
variance (ANOVA). Correlations between parameters were analyzed using linear regressions.
Correlations between FIB, Vibrio sp., and environmental parameters were analyzed using nonparametric
bivariate correlation (Spearman Rank). All FIB MPNs and Vibrio sp. CFUs were log transformed to
reduce skewness. One-way bonferroni post-hoc ANOVA was used to determine differences between
dates and sites. Unless otherwise stated, data presented are time-averaged across all sample days. Data
from the first control from the first sample day was not included in the analyses. Unless otherwise stated,
p < 0.05 was used to indicate statistically significant difference.

3. RESULTS
3.1 Total suspended solids
Total suspended solids (TSS) were not found to be significantly higher in the canal than in the
control (p=0.45) (Fig. 2). However, both the average-value of TSS in the canal and Bogue Sound
exceeded the state standard for estuaries of 20 mg/L on each of the 4 sampling days. TSS levels in the
cul-de-sac were significantly lower than those in the canal (p=0.008). This is likely due to the much
longer residence times and slower currents in the cul de sac that would promote settling and reduce the
likelihood of resuspension from the bottom. The significantly higher levels of TSS found in bottom
samples as compared to surface samples supports this hypothesis (p=0.048). Although increased
resuspension would be expected to also cause higher turbidities, TSS and turbidity were not correlated.
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Figure 2. TSS levels for the main canal, cul-de-sac, and control. The red line indicates the state standard.

3.2 Nutrients
Concentrations of NH , NO and PO were found to be significantly higher in the canal than the
control (p<0.001, p=0.027, p<0.001, respectively). This is likely due to anthropogenic inputs. There was a
general trend of higher ammonium concentrations in the back of the canal, near the Mimosa Bridge. All
other nutrients do not appear to have coherent spatial patterns within the canal.

Figure 3. Nutrient levels (NH , NO and, PO ) for the main canal, cul-de-sac, and control. Data presented here are
averaged over all sample times.

3.3 Chlorophyll a
Chlorophyll a levels in the canal were not found to be significantly different than those in the
control, and all levels were far below the state standard of 40 μg/L (Fig. 4). No spatial trends were
observed for chlorophyll a throughout the main canal, however chlorophyll a was significantly higher in
the cul-de-sac than the main channel and the control (p<0.001). While chlorophyll a levels were
significantly higher in the cul-de-sac, levels were still far below the state standard.
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Phytoplankton Abundance in PKS and Bogue Sound
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Figure 4. Phytoplankton abundance in Pine Knoll Shores canal and Bogue Sound, measured as µg/L chlorophyll a.

3.4 Fecal Indicator Bacteria
E. coli concentrations within the canal ranged from 1.77 to 3.30 log MPN/100mL, with a
geometric mean of 2.51 log MPN/100mL. The USEPA standards for E. coli concentrations are 320
MPN/100mL, or 2.50 log MPN/100mL. Sites exceeded this value 33 out of 70 times during sampling.
Enterococcus concentration ranged from the detection limit of 0.96 up to 2.66 log MPN/100mL, with a
geometric mean of 0.95 log MPN/100mL. Only 6 out of 70 samples exceeded the USEPA standards for
Enterococcus, which is 104 MPN/100mL or 2.01 log MPN/100mL sample. Concentrations of fecal
indicator bacteria (FIB) were generally higher in the bottom water samples, similar to patterns in TSS.
E. coli concentrations showed a general decrease with time across the sample dates (p= 0.000, r=
-0.650, Fig. 6). Enterococcus levels were more consistent, with an anomaly on October 8th where
concentrations were significantly higher (p≤0.010).

Figure 5. Average indicator concentration, MPN/100mL log transformed, of all sites within the canal for each
sample collection.
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Average E. coli levels for all dates at each site within the canal were above the recreational water
quality standard of 320 MPN/100mL, while average concentrations at the control site were not (Fig. 6). E.
coli concentrations were highest along the back stretch of the canal at site 4, Mimosa Bridge, and the east
stretch of the canal at sites 5 and 6.
On October 22nd, samples were taken at low, mid, and high tide. E. coli levels were significantly
less at low tide than high tide on that day (p=0.015); mid tide showed increasing E. coli levels from low
tide but not significantly so. Over the varying tidal changes measured on October 22nd, there was no
change in Enterococcus abundance (Fig. 7).

Figure 6. Average E. coli concentrations, in log MPN/100mL, over all sampling times for each site at surface and
bottom. The USEPA criteria for recreation water quality is indicated by the red line.

Figure 7. Fecal indicator concentrations, log transformed, on October 22nd at different phases in a tidal cycle.
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Enterococcus levels across all dates and sites had greater concentrations in the bottom sample
grabs. Wind speed and Enterococcus concentrations were positively correlated for all sample dates
(p=0.000, p=0.451) with the highest wind speeds occurring on October 8th (Fig. 10). Enterococcus
concentrations were significantly higher on October 8th than all other sampling dates, including the
control site (p≤0.010). Bottom water concentrations on October 8th ranged from 1.84 log MPN/100mL at
site 4, Mimosa Bride, to 2.66 log MPN/100mL at site 5 and 6 (Fig. 8). The highest concentration of
Enterococcus on the three other sample dates was only 1.56 log MPN/100mL. The bottom concentration
at the control site was 2.21 log MPN/100mL on Oct 8, as compared to the next highest recording of 1.17
log MPN/100mL.

Figure 8. Bottom sample concentrations of Enterococcus, log transformed, for each of the four sample dates.

Figure 9. Enterococcus concentrations, log transformed, on October 8th for each site.
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Figure 10. Wind magnitude and direction on each of the sample days. A map of the canal is positioned below the
vectors to show the orientation of the wind relative to the canal and Bogue Sound.

3.5 Vibrio sp.
There were not significant differences in Total Vibrio sp. amongst sites when measurements from
all sampling periods were combined (p>0.05). There was also no significant difference between the canal
and control or between surface and bottom samples (p>0.05) (Fig. 11, Table 2). In the canal, V. vulnificus
concentrations ranged from 0-800 CFU/100mL and V. parahaemolyticus ranged from 0-700 CFU/100mL.
Wide ranges like these are typical for pathogenic sp. abundance because they are highly variable in space
and time (Table 2, Fig. 11).
The concentrations of V. vulnificus and V. parahaemolyticus were variable and close to the
detection limit for the entire study. No sites were significantly different from any other because there was
so much variability (Fig. 12). The maximum values for both species were approximately 400 CFU/
100mL.
On Oct 22, when we sampled at three different phases of the tide, the average number of Total
Vibrio, V. vulnificus, and V. parahaemolyticus were highest at mid tide (Fig. 13).

Table 2. Concentrations of Vibrio sp. in the canal and the control. Range and mean are reported in CFU/100mL.
Total Vibrio
Canal
Control

Range
1.2-3.7x104
0.6-3.7x104

Mean ± SD
2.1 ± 0.6 x104
1.8 ± 1.2 x104

Vibrio vulnificus
Range
0-800
0-900
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Mean ± SD
120± 180
140 ± 390

Vibrio parahaemolyticus
Range
0-700
0-300

Mean ± SD
210 ± 180
70 ± 130

Figure 11. Total Vibrio sp., log transformed, averaged across all dates at each site.

Figure 12. Average V. parahaemolyticus and V.vulnificus found at each site across the course of the study.

Figure 13. Average of Vibrio sp. across all sites in the canal at different phases in a tidal cycle on Oct. 22.
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4. DISCUSSION
4.1 Nutrients, TSS, and Phytoplankton
Nutrient levels, particularly Ammonium, were higher in the canal than in the control, probably
due to anthropogenic inputs via stormwater runoff and groundwater intrusion. Time-averaged levels of
chlorophyll a did not exceed the state standard of 40 μg/L, although the levels measured in the cul-de-sac
were much higher than those in the canal or the control in Bogue Sound. TSS in the canal, control, and
cul-de-sac exceeded the state standard of 20 mg/L; however, the time-averaged levels were lower in the
cul-de-sac than those in the canal and control. It is possible that these patterns occur because the clearer
(lower TSS) water in the cul de sac increases light penetration, which promotes phytoplankton growth
(Anderson et al. 2002). There was no significant correlation between nutrients and phytoplankton
abundance. In the main channel, this is likely due to the relatively fast flushing times of the system.
Despite its longer flushing times, the cul de sac did not see higher nutrient concentrations than the main
canal channel, suggesting that nutrient inputs in the cul de sac may be relatively small or nutrients
introduced into the cul de sac are taken up rapidly by phytoplankton. Overall, these results suggest that
the cul de sac has the greatest potential for eutrophication and algal blooms due to the combination of
longer flushing times and increased light penetration. However, at the moment, nutrient inputs appear to
be small enough that eutrophication and algal blooms are not occurring.
4.2 Fecal Indicator Bacteria
The USEPA standard for E. coli is 320 MPN/100mL (2.50 log MPN/100 mL). E. coli
concentrations were high on all sample dates between September 12, 2012 and October 22, 2012, with a
geometric mean across all sites of 2.51 log MPN/100mL. Out of 70 samples that were taken during this
period, there were 33 exceedances of the US EPA standard for E. coli. The west entrance had the most E.
coli exceedances (7), followed by the east entrance (6 exceedances), Mimosa Bridge and the east corner
(5 each), and the west corner (3). The cul-de-sac only had 2 exceedances. The control site in the sound
had no exceedances.
Enterococcus concentrations were low relative to the USEPA standard of 104 MPN/100mL (2.01
log MPN/100mL) throughout the study, with a geometric mean of 0.95 log MPN/100mL. Only 6 out of
70 samples exceeded the standard for Enterococci. All of these exceedances were in bottom water
samples and occurred on October 8 at all sites except Mimosa Bridge. The bottom sample from the
control site was also in exceedance on this date.
This decoupling of patterns for the two types of fecal indicator bacteria (FIB) suggests an old
source of contamination. Raw fecal matter, such as sewage, has high levels of both E. coli and
Enterococcus; thus recent contamination would be characterized by high levels of both indicators in the
canal. In old fecal contamination, differences in the growth or persistence of the two bacteria can lead to
decoupling. For example, E. coli is capable of synthesizing complex building blocks from glucose and
inorganic nutrients (Andrews, 1991), while Enterococcus require complex nutrients (American Public
Health Association, 2005). Another potential explanation for this decoupling is that one bacterium is
being supplied by a different source. Due to the decoupling of fecal indicators, it is unlikely that the
elevated bacterial concentrations in the canal are due to human septic failures during the study period.
Correlations between E. coli and Chl a, along with the high nutrient levels, indicate a potential
nutrient driven microbial food web that fuels both heterotrophic bacteria and phytoplankton. E. coli
populations have been shown to survive much longer in sediments, with the length of survival dependent
31

on temperature (Bogosian et al., 1996). Temperatures during the sample period were always >18°C and
never dropped low enough to cause E. coli mortality; therefore, the sediment could have been a reservoir
for E. coli during our sampling. Smaller sediment size, high organic matter, and higher nutrients lead to
decreased decay rates of FIB (Hartz et al., 2008). In previous studies, FIB levels in seawater and sand
sediment have shown a correlation, suggesting exchange of FIB attracted to particles between the two
habitats (Elmanama et al., 2005). An analysis of the sediment type and an assessment of the microbial
community abundance and growth rate in the sediments could be conducted to better understand these
processes.
There is little difference in elevation between the groundwater table in Pine Knoll Shores and
septic systems, creating a potential for groundwater contamination. Contaminated groundwater intrusion
into the canal could lead to bacterial loading in the sediments, enabling microbes to survive for longer
time periods in the sediment where they are protected from predation and UV desiccation. Furthermore,
groundwater can be a source of nutrients to surface waters, and elevated nutrient levels in the sediment
could facilitate bacterial growth regardless of fecal contamination (Boehm et al., 2004; Knee et al., 2008).
Another possible explanation for the elevated levels of E. coli in the canal could be feces of domestic and
undomesticated animals, and birds. Various strains of E. coli are found in gastrointestinal tracks of warmblooded animals, including household dogs and cats (Beutin, 1999; Damborg et al., 2009a) as well as
wild animals such as deer, geese, and ducks (Ishii et al., 2007b).
Enterococcus has also been shown to use sediments as protection against harsh conditions and
predators (Sadowsky and Lincoln, 2011). A study in Orange County, California found Enterococcus
levels at least 100 times (a factor of 2 on a log scale) higher in the sediment then the overly water column
(Ferguson et al., 2005). Enterococcus levels on October 8th ranged from 1.84 log MPN/100mL to 2.66 log
MPN/100mL for the bottom water samples. These recording were much higher than on other sample
dates when levels never exceeded 1.56 log MPN/100mL. This event was sound wide, as even the control
site had elevated Enterococcus concentrations of 2.21 log MPN/100mL in the bottom sample on that day.
One possible explanation is that high winds on that day created waves in the sound which caused
resuspension of bottom sediments and anything that resides in them. This suspended material could then
be transported into the canal system. Lee et al. (2006) found wave action to be one of the most important
contributors to FIB resuspension. This suggests that FIB abundance in sediments of both the sound and
the canal needs to be explored to understand the potential health risk associated with resuspension of
bacteria communities. Possible inputs creating such a sediment reservoir could include seagull deposits
which were found to contain around 106 CFU/g of Enterococcus (Wood and Trust, 1972).
4.3 Vibrio sp.
Many environmental factors can affect the abundance of Vibrio species. Salinity and temperature
have been shown to have the most influence on total Vibrio sp., combining to create clear seasonal and
geographic trends (Hsieh, 2008; Kelly, 1982; Oliver, 1982). Salinity and temperature did not vary enough
over the course of this study to have a major effect on Vibrio concentrations. Total Vibrio concentrations
were similar to those previously reported for this time of year in other east coast estuaries. Oliver et al.
(1982) found seawater containing 1.80 x 103 to 4.00 x 104 per 100mL in Savannah, GA, similar to the
Pine Knoll Shores canal values of 1.21 x 104 to 3.67 x 104 per 100mL. Concentrations of total Vibrio in
the Neuse River Estuary during fall months are also roughly similar to our findings (Noble, unpublished).
Total Vibrio sp. concentrations were not significantly different in the canal from the control, or
between surface and bottom samples in the canal. Due to the strong connection between the canal and
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Bogue Sound, this is not surprising, as the Vibrio sp. populations are native to both environments. Our
measurements over a tidal cycle had the highest values for all Vibrio species at mid tide. Currents are
strongest during mid-tide, so resuspension is one possible explanation for the higher values at this phase
of the tide, but there is too much variation in other factors to isolate this as the cause.
V. vulnificus and V. parahaemolyticus concentrations were likely low due to the high salinities in
both the sound and the canal. Total Vibrio counts include almost 100 species of Vibrio, some of which
thrive in higher salinities. V. vulnificus and V. parahaemolyticus concentrations are generally low in
waters exceeding 30 ppt salinity (Tantillo et al., 2004). Natural seawater typically contains 100,000
cells/100mL of V. vulnificus (Heidelberg, 2002), while Pine Knoll Shores has only 400 cells/100mL. The
low correlations found between pathogenic species and other environmental parameters is likely due to
the low sample size and the sampling across many tides and many conditions.
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Chapter 4: Synthesis
1. SUMMARY OF MAIN FINDINGS
Our measurements in the Pine Knoll Shores canal system suggest that the main channel of the
canal is well connected to Bogue Sound and relatively fast flushing controls chemical and biological
parameters in the system. A similar conclusion was reached by Ritts and Larson (1984) who hypothesized
that rapid flushing kept fecal coliform levels sufficiently low to stay below the state water quality
standards. The first example of rapid flushing keeping the water quality below state standards is the lack
of relationship between nutrients and chl a. While many nutrient addition bioassays find an increase of chl
a in response to N and P additions (Paerl et al., 2011), there was no correlation between chl a and
nutrients in the canal. Therefore, nutrients and phytoplankton are most likely being removed from the
system before the phytoplankton have time to assimilate them for growth. This is supported by the fact
that the doubling time of most phytoplankton species is 0.5-1 days (Redalje, 1981), while ~70% of the
canal volume is flushed through the system in half a tidal cycle (~6 hours). Similarly, Vibrio sp. were not
higher in the canal than in the control. The fast flushing time in the canal creates an environment which
does not enhance Vibrio abundance relative to the sound, despite elevated nutrient levels.
Another important physical process that affects water quality in the canal is resuspension of
sediments. Bottom shear stress is a measure of the frictional forces generated as water flows over across
the sediment. When the bottom shear stress exceeds a critical value, resuspension occurs. While we did
not have sufficient information about bottom sediment to make definitive predictions for sediment
resuspension, our current measurements suggested that at mid-tide, during larger tides, bed shear stresses
at the back of the canal were large enough to suspend non-cohesive fine grained sand particles. The other
mechanism that could contribute to sediment in the water column is resuspension of sediment by waves in
the sound, which could then be transported into the canal.
Either mechanism for sediment resuspension results in an increase in total suspended solids in the
water column which can inhibit light penetration (Bilotta, 2008). A reduction of light availability caused
by high levels of TSS may also limit the ability of phytoplankton to photosynthesize and grow, even in
the presence of sufficient nutrients. High Enterococcus levels in the bottom samples taken from the canal
and control are likely due to a sound-wide wind event on Oct 8th which resuspended sediments to which
Enterrococcus attach. Wind speeds on that day were 10 mph from a NE direction, suggesting that
sediments may have been resuspended on the south (PKS) side of Bogue Sound. Based on the
degradation of water quality seen in response to these resuspension events, dredging of the canal could
lead to temporarily lowered water quality in the system. While dredging could enhance flow through the
canal, the effect of increased currents on resuspension within the canal system should also be considered.
One major focus of this study was to identify freshwater inputs into the system. Previous studies
in the Pine Knoll Shores canal did not consider groundwater as a source of freshwater and potential
contamination. The results from this study suggest that groundwater flow beneath bulk heads could be a
significant source of freshwater and a potential conduit for transporting contaminants from the watershed
into the system. Given the large volume of the canal system a large freshwater influx would be needed to
cause the observed dilution of even 1 ppt of canal water. Our salinity transects showed a gradient of 2 ppt
along the length of the canal. Many species have specific salinity tolerances. For example, a small change
in salinity can alter the composition of the bacterial community. For example, E. coli are extremely salt
sensitive while the halophilic Vibrio sp. require a certain amount of salt to survive (Sadowsky and
Lincoln, 2011, Thompson et al., 2006). The back stretch and cul-de-sac had lower salinities than to the
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entrances due to an increased age of water at these locations, allowing greater time for accumulation of
freshwater inputs. On average, higher E. coli concentrations were found in bottom samples, raising the
question of whether interaction between groundwater and septic systems contributes to this pattern.
However, no conclusions on this matter can be made because groundwater wells were not tested for FIB.
Homeowners described an abundance of birds in the canal and a raccoon problem which may have
stimulated FIB levels in the canal to exceed the standard on multiple sampling days while water in the
sound did not (Beutin, 1999, Damborg et al., 2009a).
Our analysis of the hydrodynamics indicates a high degree of connectivity between the canal and
control. This connectivity is apparent from the similar levels of phytoplankton, total Vibrio sp., TSS, and
Enterococcus in the canal and sound. The only major differences between the canal and control were the
significantly higher levels of nutrients found in the canal and the exceedances of E coli standards. While
nutrient levels were not correlated with phytoplankton biomass within the canal, high levels of nutrient
inputs could, over time, result in a sound-wide increase in phytoplankton abundance.
The high connectivity between the canal and Bogue Sound contrasts with the lack of connectivity
between the cul-de-sac and the main canal. The cul-de-sac has significantly lower TSS levels, higher
chlorophyll a levels, and lower salinities. The increased residence time may provide greater time for
phytoplankton to take up nutrients and grow, and greater time for freshwater inputs to accumulate. While
this accumulation of groundwater could also lead to accumulation of contaminants, FIB and nutrients
levels were not significantly higher in the cul de sac than the main canal. Due to the increased potential
for contaminant accumulation in the cul-de-sac, canal features like these which limit flow and exchange,
are of particular concern in terms of their water quality.
Comparing the physical characteristics of the canal system with the biological and chemical
parameters measured has led to some overall conclusions about the water quality of the Pine Knoll Shores
canal. For nearly all parameters measured, the water samples analyzed within the canal displayed levels
well below state standards. However, given the exceedances of FIB found in the canal on a few sampling
days, direct human contact with the water should be limited if possible. Additionally, the connectivity
between the canal and the sound means that contaminants introduced into the canal are quickly
transported into Bogue Sound; therefore, input of nutrients and other contaminants into the canal should
be limited in order to minimize potential for eutrophication of the sound.
Water quality is typically evaluated by simultaneously assessing risks to human health and
ecosystem health (e.g., Fig. 1). Chlorophyll a is a proxy for ecosystem health while Enterococcus is a
proxy for viruses that can cause illness. When the two standards are included on a plot of these two
proxies, quadrants are formed that represent the overall water quality. When Enterococcus is low, but
phytoplankton abundance is high, there is a risk of fish kills, hypoxia and other symptoms of
eutrophication. When Enterococcus and chlorophyll a are high, there is risk to both ecosystem and human
health. The majority of the measurements from Pine Knoll Shores fell in the quadrant representing low
risk to human and ecosystem health with only a few samples exceeding the human health standard.
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Figure 1. Chlorophyll a and Enterococcus values, indicators of ecosystem and human health, from this study. Red
lines indicate state standards.

2. FUTURE STUDIES
In order to better understand the mechanisms controlling water quality in the Pine Knoll Shores
canal, future studies should be done to confirm patterns observed in this study. Bioassays should be
conducted to determine if the TSS present in the canal is sufficient to cause light limitation of
phytoplankton. In order to identify the source of fecal indicator bacteria, samples of both sediment and
groundwater should be tested to determine if the primary source of contamination is from a sediment
reservoir or freshwater input. Given the large influence of tidal flushing on water quality in the canal, any
measurements of water quality parameters should be accompanied by measurements of currents in the
canal system for several tidal cycles leading up to the sampling. Similarly, because FIB levels appear to
related to sediment resuspension events, sampling for water column FIB should be accompanied by
measurements of currents in the canal. Additionally, because sediment and associated FIB suspended in
the sound can be transported into the canal system, simultaneous measurements should be made of waves
and currents in the sound.
This study was conducted over a <1 month period during the fall, when water temperatures were
falling. The study should be replicated during the summer and after storm events. The summer represents
a ‘worst case scenario’ for water quality in the canal system due to a peak in occupancy and recreational
use. Additionally, higher water temperatures and light levels in the summer months are optimal for
phytoplankton and bacteria growth. Synergies between increased human inputs and increased growth may
result in lower water quality during the summer. Furthermore, during the course of this study, samples
were never collected after major precipitation events. Stormwater runoff could increase the nutrient load
into the canal. Increased anthropogenic inputs might result in a decrease in water quality, especially in
areas like the cul-de-sac which have long flushing times.

36

3. RECOMMENDATIONS
While the overall water quality in the Pine Knoll Shores canal was generally acceptable, several
practices could improve water quality and limit future deterioration in this system. In order to preserve
ecosystem health and reduce the potential for increases in phytoplankton biomass, strategies to limit
nutrient inputs should be employed. These include minimizing fertilizer use, particularly ammoniumbased fertilizers, which can enter the canal through groundwater and runoff. Use of native plants
appropriate for the soil type and climate would decrease the need for fertilizers. Maintaining a natural
landscape would also decrease runoff relative to infiltration and increase the potential for microbial
filtration of nutrients and pollutants before they enter the canal. Additionally, trees take up significantly
larger volumes of water than lawns; therefore, maintenance of a natural landscape would also reduce
groundwater inputs into the canal and the potential for introduction of contaminants from this source.
Because this study was not able to identify with certainty the sources of FIB in the canal, we
recommend further investigation of FIB levels in groundwater and sediment. Due to the uncertain sources
of FIB, septic systems and leach fields should be checked regularly. While the numbers of pathogenic
bacteria found in the canal were very low compared to other estuarine waters, likely due to the high
salinities, shellfish harvesting regulations should continue to be followed to limit human health risk from
pathogenic Vibrio species. Additionally, swimming in the sound instead of the canal could reduce human
health risk from E. coli.
For constructed waterways in general, there is a need for complete flushing of the system on
relatively short time scales (e.g., <12 hours) to minimize the accumulation of contaminants within the
waterway. In tidal systems, this can be achieved by constructing waterways with two entrances that are
sufficiently far apart that water level differences during rising and falling tides drive flow through the
system. Structures such as cul-de-sacs that inhibit flushing should be limited. If present, these structures
should be designed such that rates of contaminant input due to development along canal edges are small
compared with natural flushing rates of the system.
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