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Introduction 
 
 The Capstone Project is a course designed to bring together different students to research and 
present findings on a common study utilizing their own individual and overlapping areas of expertise. 
The assigned project for the Morehead City Field Site’s class of 2013 involved assessing several 
environmental factors associated with floating docks, focusing upon the Morehead City Yacht Basin 
(MCYB) as a case study. Research efforts undertaken to characterize the policies governing the types of 
structures in question as well as their potential impacts of environmental health. Field samples were 
conducted in areas of circulation patterns, light attenuation, primary production of the benthic 
communities, microbial and nutrient dependent water quality, fouling communities, and fish 
abundances. Questions that were addressed in particular were the impacts of the floating dock structure 
on the factors studied and the impacts of the marina as a whole on the ecological community structure. 
The research group studied how the floating dock structures impacted currents and influenced shading 
effects throughout the marina. Groups studying microbial and nutrient water quality focused upon the 
health of the marina resulting from physical parameters and the surrounding development. The benthic, 
fouling, and fishing communities then applied the results of physical mechanisms and water quality to 
their own studies of community structure and their response to the effects of floating docks and marina 
development. 
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Background and Marina Policy 
 
 The Morehead City Yacht Basin (MCYB) is a commercial marina that sits on the banks of 
Calico Creek. A commercial marina in North Carolina is described as “any public or privately owned 
dock with more than ten boat slips and providing any of the services: transient or permanent docking, 
dry storage, fueling facilities, haul out facilities, and repair services” (North Carolina, 2009). MCYB 
provides these services to recreational boaters and contains 110 boat slips between 20 and 125 feet long. 
The marina utilizes two types of docks to accommodate vessels, these being fixed and floating docks. 
Since 2000, the marina has undergone various projects to remove its fixed docks and replace them with 
floating alternatives. Three floating docks that are able to move vertically with changing water height 
are constructed in the marina and provide 106 of the marina’s 110 boat slips. A fourth dock, fixed 
structurally to the shoreline, is also contained within the marina and has six boat slips. 
 Fixed docks are rigid structures that are permanently attached to the shoreline. These docks, 
constructed of untreated timber, are the dominant docking structure observed in the southeastern United 
States (Dissen, 2005). The main difference between a fixed dock and a floating dock is the response of 
each to a change in water height. The deck of a fixed dock does not change with this tidally effected 
variation in water height while the deck of a floating dock does. In areas that experience significant 
fluctuations in water height (>4ft.) due to tides or seasonal variations in water levels, disembarking from 
and boarding boats can be made more difficult if the deck of the dock does not adjust to the height of the 
water (Dissen, 2005). Changes in water height are observed in the MCYB to be slightly less than three 
feet, but even this slight difference in water height can still make boarding and disembarking vessels 
difficult. A floating dock structure with a deck that rises and falls with water height offers greater safety 
and convenience for recreational boaters using the marina. When significant changes in water height 
occur, the floating dock offers a safer option for boat storage because the dock’s deck continues to rise 
with the height of the water (FEMA, 2009). The simultaneous change in height of the dock’s deck and 
the boat prevents collisions between the hull of the boat and the dock, avoiding potential damage to the 
dock or boat. 
 The primary docking structure in the MCYB is a floating dock. The dock’s deck is constructed 
of mortar and rock ceramic tiles that sit on top of a wooden framing system (Dissen, 2005). Flotation 
units are submerged beneath the dock’s deck which allow the deck to rise and fall with the fluctuations 
in the water’s surface height. A mooring system is utilized to maintain the dock’s position. Rows of 
timber pilings, with a few steel pilings at more exposed dock locations to prevent destruction of the dock 
should a boat crash into the piling, are anchored into the bottom of the basin and serve as the mooring 
system for the basin’s floating docks. Power lines and fuel lines are contained beneath tiles inside the 
dock’s framing systems. These utility lines are part of the marina’s refueling and electrical system. For 
floating docks, more laborious engineering is required because the dock must remain balanced and 
dissipate forces as it experiences stresses from currents and wave action, but is easier to maintain over 
time (N. Littman, personal communication, Sept 18, 2013).  

In order to gain more insight on the marina’s construction of their floating dock, multiple 
interviews were conducted with the Neal Littman, the general manager of MCYB in August and 
September 2013. It was noted by Mr. Littman that MCYB was one of the first marinas in North Carolina 
to construct floating docks. Over the past decade, floating docks have increased in prevalence 
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throughout North Carolina marinas (N. Littman, personal communication, Sept 18, 2013). Lack of 
experience at the state level initially made coastal land managers reluctant to issue permits for floating 
dock structures.  

Currently when marinas seek construction permits from the state, applications for floating docks 
are accepted frequently as ones for fixed docks. Recreational boaters have vocalized their preferences 
for floating docks because of their added safety to marina patrons and ability to keep boats better 
protected from crashing against the dock (FEMA, 2009). When MCYB first constructed their floating 
docks in 2002, Mr. Littman commented that the yacht basin was required to undertake extra initiatives 
before having their plans for construction approved (N. Littman, personal communication, Sept 18, 
2013). This included extra consulting meetings with the Division of Coastal Management, multiple 
blueprints for construction, and an environmental impact statement. The Division of Coastal 
management had initial concerns that floating dock structures would have a greater shading effect on the 
benthic environment than its fixed counterpart (N. Littman, personal communication, Aug 28, 2013). 
The separation between a fixed dock’s deck and the tide’s height enables light to penetrate further and 
reach benthic communities surrounding the structure. Coastal land managers were concerned that a 
potentially greater shading effect produced by floating docks would negatively impact the environmental 
integrity of the marina. Concerns were also raised by coastal land managers that pertained to the 
structural integrity and longevity of floating docks. 

The Coastal Area Management Act (CAMA) was a piece of legislation passed in 1974 by the 
state of North Carolina and governs structural development in North Carolina’s twenty coastal counties 
(North Carolina, 2009). Access and use of the waters surrounding the marina are considered public 
rights, meaning any individual holds the right to use these resources. The CAMA protects public rights 
for individuals through regulations that foster environmental conservation. Oversight and enforcement 
of these regulations is left to the state and federal agencies involved in the CAMA permitting process. 
Regulation and monitoring is performed by these agencies in order to make certain that state marinas are 
following the guidelines set forth by CAMA. In an interview with CAMA District Manager for 
Morehead City, Roy Brownlow, he mentioned that marina construction is difficult to regulate with a one 
size fits all policy (R. Brownlow, personal communication, Oct 10, 2013). Local geography uniquely 
alters each marina and enables planners to shape marinas in a myriad of ways. Protecting the 
environmental integrity of coastal landscapes is a focal point of the CAMA, thereby allowing 
individuals to pursue coastal development. 

Before beginning construction on a marina, an application for major development must first be 
submitted to the Division of Coastal Management (DCM) for a CAMA permit. A CAMA permit is the 
written approval from the DCM that includes a project plan, a deed to the property, and a listing of 
adjacent property owners which authorizes an individual to pursue their coastal development project 
(North Carolina, 2007). Once an application has been submitted, a CAMA field officer first surveys the 
project site and then reviews the application before a “scoping meeting” is held (R. Brownlow, personal 
communication, Oct 10, 2013). This “scoping meeting” brings together the regional land manager for 
the Department of Coastal Management, the individual pursuing construction, and a local CAMA field 
officer. This is done in order to outline the desires of the individual seeking a CAMA permit and address 
any concerns with the planned development. The local field officer for the Morehead City district is 
Heather Styron. An interview was also conducted with Mrs. Styron in October 2013. Mrs. Styron 
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described her job’s purpose as an individual who paints the picture of the construction project for the 
CAMA permitting coordinator and the fourteen state and federal agencies who enforce the 
environmental regulations that a marina must uphold (H. Styron, personal communication, Oct 10, 
2013). Mrs. Styron takes notes of areas of environmental concern such as shellfish beds, subaquatic 
vegetation, water quality, barriers to natural erosion, and areas of waterfowl breeding and migration 
(North Carolina, 2007). The information synthesized by the field officer is aggregated into a field 
investigation report and is sent to the state and federal agencies who also conduct their own assessments 
and provide recommendations for the applicants’ permitting decision.  

Once the reports have been submitted from the various agencies and are reviewed by a permit 
coordinator, a recommendation is given to the director of the DCM who makes the final decision 
regarding the permit. The review length for the major construction process is 75-120 days (North 
Carolina, 2007). If the permit is denied, the individual pursuing construction can make minor 
adjustments to their construction plan and resubmit it for approval or apply for a variance. Applying for 
variance recognizes that the legal restrictions halting permit approval are valid but requests an exception 
due to hardships faced by unique construction conditions (North Carolina, 2013). Once construction is 
underway and completed, compliance of the marina to abide by the CAMA is enforced by a CAMA 
compliance officer. If a marina is found to be in violation of the CAMA, then the owner is subjected to a 
penalty ranging from 1,000 to 10,000 dollars and is required to perform site restoration where the natural 
landscape has been damaged (North Carolina, 2007). A flow chart depicting the steps required to obtain 
a CAMA permit is included at the end of this document (Figure 1).  
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Chapter 1: Circulation and Flushing 
 

I. INTRODUCTION 
  

Currents throughout the Morehead City Yacht Basin have important implications for assessing 
the environmental impacts of the marina. Current velocities can alter the amount of organic matter 
available for suspension or surface deposit feeders, and filtration rates of filter feeders within the basin 
(Jenness & Duineveld, 1985; Walne, 1972). Longer residence times within a marina can potentially 
result in greater contaminant concentrations such as pesticides from surface run-off, heavy metals from 
boat anti-foulants, and organic compounds from service facilities (Schwartz & Imberger, 1988). An 
introduction of these compounds coupled with poor flushing rates can result in decreased water quality 
within the basin, a state that is accentuated by lower dissolved oxygen concentrations and greater 
incidences of algal blooms resulting from higher nutrient inputs (Schwartz & Imberger, 1988; Nece et 
al., 1976). 
 A physical understanding of current speeds on a spatial and temporal scale can provide more 
insight into flushing mechanisms occurring throughout the basin (Lisi et al., 2009). Other factors 
influencing flushing in the marina include the state of enclosure from more open channels and planform 
geometry within the basin (Falconer, 1980). Applying an understanding of tidal action to the resultant 
current patterns and mixing processes can benefit analyses of flushing times in the marina. 
 Developing an understanding of circulation within the marina necessitated a study of the spatial 
structure of flow and the time variation of currents throughout the marina. This was accomplished by 
utilizing current profiler instruments that recorded current fluctuations over time while drifter 
deployments contributed to a spatial understanding of flow patterns. Data from these two methods were 
used to determine relationships between velocity and depth, velocity and tidal cycles, and an overall 
spatial pattern of currents throughout the marina. 

2. METHODS 
 
 Studies of circulation patterns within the marina necessitated the deployment of current profilers 
and drifters. Points were chosen that permitted analyses of velocities for different tidal cycles, 
introduced the effects of docks upon velocities, and demonstrated variation in fluid kinematics based 
upon the geometry of the marina. Measurements of current data were collected by current profilers at 
fixed locations in the main channel and beneath Dock B (Fig. 1). Currents were also studied utilizing 
drifters during ebb and flood tidal cycles. Drifters that follow the currents throughout the basin provided 
valuable data in understanding the spatial structure of currents in the subsurface layer of the basin 
(Johnson et al., 2003). 
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2.1 Current Profilers 
 To measure the marina currents over shorter diurnal tidal cycles and long-term averaged flows, 
two Nortek Aquadopp current profilers (Fig. 2) were deployed by divers. The deployment period began 
on Sept 24 and ended on Oct 23, 2013, lasting a total of 30 days. The specific dates of deployments, 
latitudinal, and longitudinal coordinates are provided (Table 1). The Acoustic Doppler Current Profilers 
(ADCPs) function by transmitting a signal that is reflected off of particles in the water, thereby 
measuring the speed of the currents throughout the entire water column. A single current profiler was 
deployed in the main channel at the open channel point for the entire duration of the testing period. 
Keeping a single profiler in the main channel for the entire deployment ensured that a control point was 
maintained. This control point took into account variations of spring and neap tidal cycles and was not 
altered by any potential shearing forces exerted by the dock. The second profiler was deployed 
underneath Dock B in the marina at the less exposed point for a period of 10 days (Sept 24-Oct 3) before 
being moved to the most protected point beneath Dock B. The deployment of the second profiler further 
south and closer to the mainland served the purpose of measuring effects of the docks upon currents in 
locations that may be less exposed to or most protected from currents driven by tidal fluctuations. 
 Upon retrieval of the current profilers on Oct 23, data were analyzed to determine several 
factors. Before the analysis of current velocities began, the axes of the profilers at each point were 
resolved so that they aligned with the dominant mean velocities for along and across channel directions. 
This was accomplished by first calculating the angle between East and North oriented velocities and 
then using vector geometry to orient and set the dominant current flows as the x-direction, or along 
channel velocities. This same process was repeated to determine the y-direction for across channel 
velocities at each profiler site. After the current orientations were resolved thus, root mean squared (rms) 
velocities of currents were calculated at each profiler location for depths throughout the entire water 
column. In order to avoid fluctuations in rms velocities associated with the raising and lowering of the 
water level over a tidal cycle, these values were only calculated up to the lowest recorded depth at each 
location. The depths were recorded by a pressure sensor within the profiler, and were evaluated to be 
lowest and highest during data analysis. Further analysis was conducted that involved the calculation of 
mean velocities in both the positive and negative along channel directions in order to determine whether 
there existed a net residual flow in a specific direction. This analysis was only performed at the open 
channel location. Lastly, the maximum flow at both flood and ebb tides were calculated at each profiler 
location. 

2.2 Drifters 
 Complementing the current profiler data is a set of data gathered by drifters that were deployed 
throughout the marina for both a flood and ebb tide cycle. The drifters (Fig. 3) are comprised of a 
parachute drogue tethered to a hollow float that contained a 2-lbs weight to stabilize the float’s upright 
position and also included a Garmin Rino 520 or Garmin Rino 610 GPS device. The casing which 
houses the weight and GPS device is a cylindrical polyvinyl chloride (PVC) tube capped and sealed on 
both ends. The parachute drogue is conical in shape and functions by turning so that the open face is 
perpendicular to the orientation of the current flow. The current then pushes the drogue so that the drifter 
moves with the subsurface flow. GPS units were programmed to record their locations every two 
seconds as they moved around the marina. Deployments began for the ebb and flood tides (Oct 23 and 
Oct 3, respectively) at the outer edges of the marina in the path of the main channel; flood tide tracks 
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began on the eastern edge of the marina (closer to the ocean) while ebb tide tracks began on the western 
edge of the marina (closer to inputs from Calico Creek and the Newport River). Deployments continued 
for ebb and flood tides in between docks and on the outer edges of Docks A and D. 
 After GPS data was collected from all drifter deployments, plots of velocity versus time were 
generated for each track. Due to large variations in GPS measurements of velocity, plots of distance 
traveled per signal versus cumulative time between drifter signals were created. These plots were then 
smoothed using a cubic spline curve, and the velocities were plotted onto an image of the marina. 
Current profiler data were reviewed to determine if tidal fluctuations for dates of drifter deployments 
were similar to other dates or exhibited unusual patterns that may bias the observed spatial structure of 
drifters. 
 

3. RESULTS 

3.1 Current Profilers 
 Current profiler data were examined to determine the root mean squared (rms) flow speed for 
each point at which a profiler was deployed, the mean flow speed of water in the marina over the entire 
length of the deployment, and maximum velocities of flow for flood and ebb tides (Table 2, Table 3). 
Rms velocities were calculated at each of the three profiler locations. To avoid biases in data resulting 
from the changing water height at different tidal cycles, the rms velocities were only taken for the 
minimum height of the water (Fig. 4). These heights varied at each profiler location, and there is an 
obvious change in water height between the deeper open channel location and the shallower most 
protected location. The rms velocities of each of the profiles were also calculated (Table 2). 
 There is a much greater rms velocity for the open channel point, which is most exposed to the 
constant tidal fluctuations and inputs from the Newport River and Calico Creek. The rms velocity is 
approximately 5 times greater than the rms velocity at the less exposed point beneath Dock B. The rms 
velocity at the less exposed point is itself approximately 5 times greater than the rms velocity measured 
at the most protected location. This intensive slowing of currents farther south into the marina suggests 
that the basin geometry effects the slowing of the currents on a much greater scale than any effects of 
the floating docks. This can be seen especially clearly when considering the discrepancy in rms 
velocities between the two profiler locations that were both stationed beneath Dock B. 
 The mean flow speed for the duration of the entire deployment was calculated by first taking the 
mean of each recorded current profile, meaning that the velocities were averaged at each 25 cm above 
the current profiler for each measurement taken. These averages were taken up to the point at which 
water height was affected by tidal variation, producing values for high tide that were nonexistent during 
low tides. This profile average was then averaged for all profiles at the open channel location (Fig. 5). 
The open channel location was utilized for this calculation because the current profiler remained fixed 
while the second profiler was moved partway through the study period from the less exposed location to 
the most protected location. 
 The mean flow speed was determined to be approximately -0.002 ± 0.334 m/s in the along 
channel direction and -0.005 ± 0.051 m/s in the across channel direction. These negative values are 
closely aligned with a southwest orientation, which would be indicative of currents associated with flood 
tide as water moves in from the Newport River and Morehead City port towards Calico Creek. The 
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mean flow in this direction is indicative of stronger currents acting during flood tide in comparison with 
those during ebb tide. Stronger flood tide currents also indicate that they are likely to influence the 
circulation patterns more so than the currents prominent during ebb tide. 
 The maximum flood and ebb tide velocities values were first calculated by taking the mean of 
the water column velocities for each current profile (Table 3). The maximum of these averages was then 
taken for both the along and across channel components of velocity to determine the maximum flood 
tide velocities. The minimum of these averages produced the maximum ebb tide velocities because ebb 
tide values were oriented such that they corresponded to the negative orientations for along and across 
channel velocities. Standard deviations were also calculated for each maximum and minimum average 
current velocity. These calculations were performed for each current profiler location. The date and time 
for each of these current velocities was also determined. 
 The maximum average current velocities are found in the open channel, and these currents are 
approximately three to four times greater than the maximum currents found at either the less exposed or 
most protected locations. The differences in velocities between the less exposed and most protected 
locations are more peculiar and warrant further observation. While the current moving in the along 
channel direction (approximately East-West) at the less exposed location is almost three times greater 
than the across channel direction (approximately North-South) during the maximum flood tide, these 
two velocity components are almost equivalent during the maximum ebb tide. There exists a similar 
relationship for the maximum flood and ebb tides found at the most protected location, though the 
characteristics are reversed. In the case of the most protected location the maximum ebb tide velocity is 
almost doubled for the along channel component when compared with the across channel component. 
However, the two components are almost equivalent for the maximum flood tide velocity. While the 
values of maximum velocities for these components at the profiler locations can provide some 
information about the circulation patterns of the marina, it is necessary to incorporate data gathered by 
the drifters to develop a fuller conceptual spatial pattern. 

3.2 Drifters 
 Drifter deployments for both the ebb and flood tide measurements were graphed onto a satellite 
image of the MCYB (Fig. 9, 10). To ensure that the measurements of subsurface currents made by the 
drifters were not biased by the choice of deployment date, mean profile velocities from the open channel 
profiler data were compared with overall mean profile velocities. In this way, it was easier to discern if 
the particular lunar cycle or wind speed or other factors may have had a much larger influence than that 
which was anticipated. While over half of the velocity measurements made during flood tide 
measurements were greater than absolute mean velocity measurements (which avoided the impractical 
averaging of positive and negative measurements for this scenario), they did not vary appreciably or 
approach any of the calculated maximum velocity profiles. The absolute value of velocity measurements 
was determined to be 0.285 m/s, and the measurements made during the flood tide drifter deployments 
ranged from 0.2404 to 0.4886 m/s. Ebb tide deployments were made after the profilers had been 
removed from the basin, but recorded observations indicate that the ebb tide drifter deployments were 
made as the lunar cycle was waning and approaching a half moon. 
 The subsurface measurements made by the drifters indicate that there is a large circulation cell 
occurring during flood tide, the momentum of which is compounded by the current patterns of ebb tide. 
During flood tide the currents originating from the Newport River move quickly through the main 
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channel, without moving laterally across the marina in any way near B, C, or Dock D. This water then 
entrains water that it passes by, drawing down the water level in the basin as water moves out from 
between and beneath the docks and also moves westward out of the basin towards Calico Creek. This 
movement necessitates some replacement of water, and this is accomplished by water moving along the 
west side of the marina near A and then spreading across the entire basin. Altogether, this movement of 
water creates a circulation pattern that rotates counterclockwise and flushes almost all of the basin. 
During ebb tide, currents move in from Calico creek eastward across the entire basin. Some currents 
continue unabated along the open channel, while others spread out across the basin. These currents slow 
down as they move into and across the basin but then are forced out on the eastward side of Dock D 
towards the open channel, where they are also flushed out of the basin. There are interesting current 
patterns near Dock A during flood tide where it appears that the southwest corner of the basin is 
unaffected in terms of flushing, but the currents moving past the more stagnant water are rotated and 
create a small eddy which remains relatively still in the isolated corner of the marina. 
 

4. DISCUSSION 
 
 The deployment of current profilers served to help provide information about how currents move 
throughout the basin over time, while the drifter deployments helped to develop a spatial scale at which 
an observer could determine how the entire body of water moves throughout the basin. According to 
data analysis and calculations of rms flow and the drifter patterns, it is apparent that the basin is 
relatively well flushed. This flushing occurs well within 12 hours for the slowest moving water volumes 
in the marina, the time required for two tidal cycles. In a single tidal cycle lasting 6 hours it is possible 
for a volume of water to enter the basin from the Newport River and move along the channel and around 
the entire basin before being flushed out towards Calico Creek. The same can be said for the ebb tide 
wherein a volume of water can be pushed across the entire basin to at least the other side of Dock D. 
Should the volume of water not be flushed within the ebb tide cycle, then it will likely be flushed out of 
the basin during the flood tide. 
 The mean residual flow moving in a direction indicative of flood tide helps to assert an 
assumption that the flood tide is contributing to the currents encountered during ebb tide. This can be 
seen especially clearly at the less exposed profiler location, where the along and across channel 
velocities are slower than those reported during flood tide. This can be thought of as a volume of water 
being flushed out towards Calico Creek meeting another volume of water originating from Calico Creek 
and slowing down the volume as they are moving in opposite directions. 
 The summary of this research indicates that the basin is well flushed, the docks have a negligible 
impact on the currents that move throughout the marina, and it is the geometry of the basin that dictates 
the speed of the currents. The speed of the currents then dictates the sediment size composition, faster 
flows seen in the channel matched with qualitative samples of a sandier bottom seen during the open 
channel profiler deployment. The slower currents within the marina ensure that much finer sediments 
will settle throughout the basin, also seen qualitatively during the under dock drifter deployments. The 
currents can therefore impact larger areas of study outside of those brought up in this study. 
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Table 3: Maximum velocities for each profiler location during flood and ebb tide in the along and 
across channel directions. 
 
Location Max Flood Tide 

Along Channel 
Velocity (m/s) 

Max Flood Tide 
Across Channel 
Velocity (m/s)

Max Ebb Tide 
Along Channel 
Velocity (m/s)

Max Ebb Tide Across 
Channel Velocity (m/s) 

Open 
Channel 

-0.6308 ± 0.1182 -0.0620 ± 0.1087 0.7012 ± 0.1277 0.1541 ± 0.0423 

Less 
Exposed 

-0.1749 ± 0.0575 -0.0572 ± 0.0225 0.1520 ± 0.0786 0.1491 ± 0.0426 

Most 
Protected 

-0.1639 ± 0.0580 -0.1753 ± 0.0576 0.2531 ± .1842 0.1423 ± 0.0679 
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Chapter 2: Total Suspended Solids, Chlorophyll-a and Nutrients 

1. INTRODUCTION 
 

Water quality is important because it can provide an estimate of the condition of an aquatic 
ecosystem.  In order to properly evaluate the water quality of a body of water and provide information to 
those who manage waterways, the spatial-temporal distribution of chlorophyll a, total suspended solids, 
and nutrients must first be assessed (Xu et al., 2012).   
 As populations in coastal areas continue to grow, pressure from development is extending to 
riverine, estuarine, and coastal habitats (Peierls et al., 1991).  This may have negative impacts on these 
ecosystems in the form of biodiversity loss, harmful algal blooms, hypoxia, and disease from pathogens 
and cyanobacterial toxins (Huisman et al., 2005).  Eutrophication due to excessive nutrient-loading can 
affect nutrient cycling and lower water quality (Paerl, 1997).  The main contributors are likely nonpoint 
sources where pollutants, such as gas and petroleum products, pesticides, and fertilizers, are scoured 
from the earth’s surface in the form of storm runoff (Sliva et al., 2001).  Recreational water quality 
programs monitor water quality by noting levels of certain indicator bacteria such as total coliforms, 
fecal coliforms, and enterococci in order to help protect public health from risk of illness (Noble et al., 
2003; NCDENR, 2013).  Maintaining good water quality is necessary not only for the organisms that 
live in aquatic habitats, but also for the people that use it for drinking, recreation or fisheries 
management purposes, but also for the organisms. 

One way to obtain a relative level of water quality is by measuring levels of chlorophyll a, total 
suspended solids, and nutrients and comparing these to other waterways and standards created as a 
benchmark of the levels of nutrient, chlorophyll-a and TSS that are expected and appropriate within a 
system to obtain an estimate of water quality.  Chlorophyll-a allows one to gauge phytoplankton 
biomass and relative nutrient abundance (Wang et al., 2013). Chlorophyll-a concentrations can also be 
used to conclude a water body’s trophic status by evaluating its productive state (ibid).  Chlorophyll-a 
serves as a useful indicator of water quality in water body management practices because it is rather 
easy to sample and measure (ibid). 

Total suspended solids (TSS) are classified as a pollutant by the U.S. Clean Water Act (ibid). 
TSS has the ability to reduce water quality by clouding the water and consequently limiting light 
penetration and inhibiting photosynthesis of aquatic macrophytes (ibid).  Sedimentation can also 
adversely affect aquatic life if suspended matter settles in excessive amounts and covers important 
habitat for marine organisms (ibid).  Also, sometimes when individual particles are small (<63μm) they 
can carry harmful or toxic substances (ibid).  This can be harmful for aquatic ecosystems as these 
suspended particles are transported and settle (ibid).  Bio-magnification of chemical pollutants as 
particles transfer from filter feeders to larger consumers can also be a problem (ibid). 

Phosphorus has long been thought to play a central role in controlling freshwater primary 
production and algal blooms (Likens, 1972; Paerl, 1988) with P input restrictions having been 
implemented since the 1960s to slow eutrophication rates (Schindler, 1977).  Nitrogen commonly 
regulates primary production and phytoplankton biomass in estuarine and coastal waters (Nixon, 1992) 
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but anthropogenic nitrogen loading has increased in recent years and is now a large catalyst for coastal 
eutrophication (Paerl, 1987). In the end, the composition and concentration of nutrients will depend on 
how the watershed has been altered by agricultural and industrial activities (ibid). 

The objective of this study was to assess the parameters commonly associated with water quality 
which includes chlorophyll-a, total suspended solids, and nutrients, in order to determine the relative 
water quality of the Morehead City Yacht Basin.  This is important for the purposes of this study overall 
because our goal is to determine whether or not the activities occurring in the Morehead City Yacht 
Basin are responsible for greater environmental effects than those that would occur naturally, including 
a reduction in water quality.  The null hypothesis being posed is that the yacht basin does not differ in 
water quality from nearby waters surrounding the marina.  The conclusions reached in this study could 
help determine the impacts of yacht basins on the surrounding environment while also guiding 
management practices on how to best mitigate anthropogenic impacts. 
 

2. METHODS 

2.1 Field Sampling 
This study assessed the water quality of eighteen water samples collected from five different 

locations within the Morehead City Yacht Basin in Morehead City, NC over a total of four days, one in 
September and three in October 2013.  Our sample days involved traveling to the yacht basin to take 
water samples from five locations (Fig. 1), with sites 1-3 being sampled off the dock while 4 and 5 were 
accessed by boat.  Samples were collected at high tide on day 1, low tide on day 2, at high tide and 
during a storm on day 3, and high tide on day 4.  All samples were taken at approximately noon. 

Samples were taken 1 m above the bottom using a Van Dorn water sampler. The Van Dorn was 
lowered with both ends open.  The Van Dorn had a 1 m extension on it that hit the bottom first and 
allowed us to collect water from approximately 1 m above the bottom each time.  When the Van Dorn 
reached the bottom, we dropped a messenger to shut both ends and entrap water inside.  We then 
brought the Van Dorn to the surface and poured the sample into a 4L container using a funnel.  The 
containers were rinsed with sample liquid before proceeding with pouring the entire sample. Each 
container was then filled with approximately 2L of liquid from its assigned sample site and then brought 
back to the lab. 
 

2.2 Water Sample Analysis 
We prepared to quantify total suspended solids (TSS) by cleaning the filter rig with detergent 

and deionized water and placing GF/F 47 mm diameter filters (0.7 microns pore size) on the filter rig 
wrinkle-side up.  Each filter was flushed three times with 50 ml of deionized water and placed into tin 
boats within a foil pan covered with aluminum foil.  We put this pan inside an oven (Thermo Electron 

Corporation) at 60C, raised the temperature to 104C for 2.5 hours, and then lowered the oven 

temperature to 60C.  Once the filters cooled, they were removed from the oven and weighed (Mettler 
Toledo Classic Plus).   

We then removed the rinsed and dried TSS filters from the oven and replaced them on the filter 
rig. 400 mL of sample water from each site was poured through an individual filtering device on the 
filter rig so that the suspended solids would accumulate on the filter.  Two samples from each site were 
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filtered.  After we filtered the samples, we put the filters back into their foil boats and placed them in the 

oven once again.  The oven’s temperature was increased to 104C for 2.5 hours to dry the filters. 
While the filters were drying, we filtered the sample water for nutrient analysis and froze the 

filters for chlorophyll analysis. To do this the nutrient filter rig was cleaned with 3 rinses of deionized 
water and a 0.1 N hydrochloric acid rinse. We placed the 25 mm (0.7 microns pore size) filters atop the 
filter rig and then attached 30 mL magnetic graduated cylinders over top of the filters.  50 mL of water 
was filtered into 50mL vials and placed in the freezer for nutrient analysis.  We did not replicate nutrient 
samples, but one replicate filter for each sample site was procured for chlorophyll analysis. The 25 mm 
filters were folded in half, dried with paper towels, and wrapped in tin foil and labeled before being 
placed in the freezer. 

To assess chlorophyll a concentration in our water samples, we first kept the chlorophyll filters 
in the freezer for 24 hours.  After this, we took them out, let them thaw, then ground them in an acetone 
solution in order to release their pigments.  The grinding process took place under subdued lighting.  
Each filter was placed in a glass vial and filled with 3 mL of 90% acetone.  We then ground the filter 
into a fine slurry using a grinder (Arrow Engineering CO., INC).  The filter and acetone mixture was 
then decanted into a 15mL vial.  The glass vial was rinsed with acetone and poured into the 15mL vial in 
order to ensure that all of the filter material was removed.  We then filled capped the 15mL vial with 
90% acetone up to the 10mL mark.  Each sample was processed similarly and the set of samples were 
placed in the freezer overnight. 

To complete quantification of TSS, the TSS filters were weighed a second time once they had 
cooled after being in the oven for 2.5 hours at 104°C.  The new weight was noted and the difference was 
indicative of the weight of the suspended solids in the filtered water.  The chlorophyll samples were also 
ready to be processed after 24 hours in the freezer. The tubes taken out of the freezer were shaken before 
placing them in the centrifuge (HermleLabnet) for 10 minutes at 6000 rpm. Then the fluorometer 
(Turner Designs Trilogy) was calibrated using a solid standard and an acetone blank. We filtered 
approximately 3ml of each of sample through a 25mm filter (0.7 micron pore size) using a syringe into a 
cuvette, being careful not to disturb the material that has been centrifuged to the sides. Cuvettes were 
then inserted into the fluorometer in order to measure the fluorescence of the sample. 

 

3. RESULTS 
 

3.1 Total Suspended Solids and Chlorophyll-a 
 We obtained a series of 18 data points for each parameter that we measured. On our first, second, 
and fourth sampling day, we collected a measurement at each site for each parameter, and on the third 
day, we collected a measurement at each site off of the docks. We obtained measurements between 
11.15-78.86 mg/L for TSS with most of the measurements falling above 50 mg/L. This is above the NC 
standard of water quality of 40mg/L of TSS. Our chlorophyll-a data was consistently below 10 µg/L, 
with only one measurement reaching above 8ug/L. These values are relatively low; significantly lower 
than the standard for chlorophyll-a in NC waters, which is 40 µg/L. We measured nitrogen in the form 
of nitrate and ammonia. Our nitrate measurements were consistently low, with 8 out of our 18 
measurements being too low to be detected by the Lachat machine. Only one of our measurements was 
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above 5 µg/L. Our ammonia levels ranged from 16.9-64.1 µg/L. These values, and the values found for 
nitrate concentrations are at or below the levels found in the Newport River and Calico Creek waterways 
(Kirby-Smith).  
 Using separate 1-way ANOVA tests and Tukey’s HSD post-hoc multiple comparisons, we 
assessed whether TSS, chlorophyll-a, nitrate, ammonia, and phosphate concentrations differed between 
sites and over time throughout the course of our study. When analyses were conducted with data 
collected during the storm, only sites 1, 2, and 3 were included because sites 4 and 5 were inaccessible 
on that date.  When data was analyzed without the storm measurements, all five sites were used. In these 
analyses, only data collected on the 1st, 2nd, and 4th sampling days were included. Our analysis of Total 
Suspended Solids (TSS) did not indicate significant differences within the basin, either between sites (p 
= 0.485; Fig. 2) or between sampling times (p = 0.202; Fig. 3). 

We also analyzed chlorophyll-a in the basin using several 1-way ANOVA and subsequent 
Tukey’s HSD multiple comparison tests. We analyzed differences between location and time for 
chlorophyll-a including the data collected post-storm and excluding those points (Fig. 3, 4). Without the 
storm data, there was a significant difference between measuring times, with times 1 and 3 being 
significantly different from 2. (p=1.1x10-5). All other comparisons were insignificant.  
 

3.2 Nitrogen and Phosphorus 
Nitrogen in the basin was measured both as nitrate and as ammonia. Many of our nitrate levels, 

especially on our last sampling date, were too low to be detected by the Lachat machine. The ammonia 
levels, however, were significantly different across sampling dates both with and without the 
measurements collected during the storm. In the data collected excluding the storm measurements, our 
first time point measurement was statistically different from the other two measurements (p = 0.0209; 
Fig. 5, 6). If we include the storm measurements, there was a significant difference between the first 
sampling time and the third (p=0.0197). There were no statistically significant differences between site 
or time for the nitrate measurements. 

The phosphate measurements collected from the basin, again analyzed using several 1-way 
ANOVA's followed by Tukey’s HSD multiple comparison. Phosphate values, like all other parameters, 
were not statistically different between sites whether the storm data points were included or excluded. 
Analyses done including and excluding storm data, however, did show significance between sampling 
times. When the storm data was excluded, there was a statistically significant difference between times 
where times 1 and 3 were similar and both were different from sampling time 2. Both times 1 and 3 
were at high tide where sampling time 2 occurred at low tide (Fig. 7). When the storm data were 
included, significant differences between many sites were present (Fig. 8). 

 

4. DISCUSSION 
Although our TSS data did not show any significant differences between sites or dates, our 

results were consistently above the limit for TSS in North Carolina waters. This is indicative of a water 
quality problem within the basin. When compared to the TSS concentrations in the nearby New River, 
our values were consistently higher in the MCYB. In fact, the Paerl lab had never measured a TSS value 
as high as the values we found regularly in the MCYB. There are several explanations for why these 
high values may occur regularly in the yacht basin, although additional experiments would be required 
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in order to ascertain which mechanisms are active in the yacht basin. One explanation is that the yacht 
basin is a fairly enclosed geographical feature, and the combination of its fairly shallow depths paired 
with low current speeds may increase the accumulation and resuspension of finer sediments at the within 
the basin (Chapter 2, 12; Fig. 4; Fig. 8). There is also likely sediment input from nearby Calico Creek 
that contributes to the overall sediment load, and organic matter input from organisms attached to the 
floating docks (i.e. feces and pseudofeces or organisms that had become detached from the docks). The 
marina itself likely is only responsible for causing increased boat traffic as well as providing hard 
substrate for the attached organisms, and may contribute to increased levels of TSS through those 
mechanisms.  

The levels of chlorophyll-a in the basin were consistently low; well below the state standard of 
40 µg/L. These chlorophyll levels are also comparable with the levels of chlorophyll-a found by the 
Paerl lab in Pamlico Sound. Pamlico Sound is a water body that is known to have very good water 
quality, indicating that the MCYB is likely not experiencing problems with eutrophication or excessive 
algal production. The differences in chl-a across sampling times did coincide with tide; chlorophyll-a 
was higher during low tide than high tide. This general pattern was noticeable in our nutrient data as 
well, even where the differences were not large enough to be statistically significant, suggesting that 
tidal phase may influence nutrient availability and, therefore, phytoplankton growth.  

The nitrate and ammonia levels found in the basin were similar to the usual levels found in the 
Newport River Estuary area (Kirby-Smith & Costlow, 1989). No significant differences in either nitrate 
or ammonia were found across sites. This likely indicates that the presence of the marina does not have a 
strong impact on nutrient levels in the area; they remain consistently similar to established normal 
levels. Our ammonia measurements did differ across time, both with the inclusion of storm data and 
without it, and was higher at low tide than at high tide. We did not have enough time points to draw 
conclusions from this difference, although it may be due to tidal influence and other natural processes 
such as the input of freshwater from nearby creeks. 

Phosphate, similarly, was not significantly different between sites. Levels were also relatively 
low within the basin, indicating that the phosphate levels in the basin are not largely impacted by the 
presence of the marina. The phosphate levels did differ between sampling times, again being higher at 
low tide than high, whether the storm data points were included or excluded. When the storm data points 
are included, the phosphate levels during the storm were comparable with the levels at our low tide 
sampling date.  Again, we did not sample at enough time points to be able to determine whether these 
differences are correlated with tidal stage, although this could be reasonably expected to play a role in 
the flushing and addition of nutrients to the basin by assisting in the transport of nutrients in and out of 
the basin. The lower levels of nutrients at high tide seem reasonable, as this may be when a large amount 
of oligotrophic seawater is carried into the basin. When the storm data is included in the analysis, there 
are still statistically significant differences between the sampling times, but the storm itself does not 
seem to largely increase phosphate levels in the basin. 

Looking at these water quality parameters is helpful in assessing the overall impact of the yacht 
basin. Although the presence of the marina does not seem to be causing an extreme decrease in water 
quality in the basin, it is possible that some of the differences we encountered in our data are due to the 
presence of human activity in the area. Our TSS data especially shows an area where the marina may 
have an environmental impact through the suspension of sediments by boats and the input of organic 
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Chapter 3: Microbial Activity 

1. INTRODUCTION 
 
The importance of monitoring surrounding waters for the presence of harmful bacteria and 

pathogens has increased as a result of increasing statistical knowledge of water-related deaths and 
increasing population density of coastal communities. In 2010, 39 percent of the United States’ human 
population lived near the coast, and this number is projected to increase another 8 percent by 2020 
(NOAA, 2013). With high population densities near the ocean, the importance of finding water 
contamination in a timely manner is essential to the water-related health of the population. Human 
contact with fecal contamination either through skin contact or ingestion can cause gastrointestinal 
illness and other side effects (Fries et al., 2006). Measurements of indicator bacteria are used to calculate 
potential health risks to society (Shibata et al., 2004; USEPA, 2011) and to provide a basis for decisions 
toward recreational and commercial uses of water (USEPA, 2011). 

Fecal indicator bacteria, such as Enterococcus and Escherichia (E. coli), are found in the gut of 
warm-blooded animals and are not normally found in open environments. These non-pathogenic 
bacteria are often used to indicate the presence of fecal contamination (Dufour & Ballentine, 1986). The 
presence of fecal contaminants in open marine environments may be attributable to wastewater 
discharge, direct discharge into waterways, or stormwater outfall. Studies show that urban stormwater 
runoff is a major non-point source of water contamination to surrounding waters (Selvakumar & Borst, 
2006). Rainfall increases stormwater contamination through the rinsing of fecal contamination on land, 
such as animal feces, into the surrounding water. This output contains both contamination and indicator 
bacteria (Selvakumar & Borst, 2006). High levels of enterococci in recreational waters have been 
identified as a causal factor for gastrointestinal illnesses (Currieo et al., 2001; Fries et al., 2006). Other 
studies support the use of indicator bacteria for monitoring recreational waters, such as beaches and 
estuaries (Lipp et al., 2001; Desmarais et al., 2002; Boehm et al., 2004; Bare et al., 2013).  

Currently, North Carolina has three classifications of tidal waters: SA (saltwaters satisfactory for 
commercial shellfishing and all other saltwater uses), SB (saltwaters intended for primary recreation), 
and SC (saltwaters protected for secondary recreation, fishing and and aquatic life). These tidal waters 
are categorized by their uses and have varying respective water quality standards. SA has the lowest set 
allowable bacteriological limit and SC has the highest allowable bacteriological limit (NCAC). To retain 
these classifications of tidal waters, managers are required to maintain fecal indicator bacteria levels so 
that they do not fall below set limits. These levels are set at 320 MPN per 100 mL for E. coli and 104 
MPN per 100 mL for Enterococcus for single samples so that safe recreational water health may be 
preserved (NCAC).  

There are many factors that affect the levels of fecal indicator bacteria. Documented laboratory 
studies show decreased microbial death due to predation or environmental exposure if bacteria are 
attached to particles (Davies & Bavor, 2000).  Stenstrom (1989) found that Enterococcus has greater 
attachment rates to inorganic particles (56-77%) than E. coli (21-29 %). Another study found similar 
differences between the bacteria in attachment to inorganic particles in stormwater with Enterococcus 
(38-52%) having a greater attachment rate than E. coli (16-34%) (Characklis et al., 2005). Other factors 
such as visible light, salinity and water temperature affect microbial activity. However, increased 
salinity was observed to only have a toxic effect on E. coli compared to Enterococcus (Barcina et al., 
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1990). Water temperature can also affect growth rates of bacteria. Studies have found supporting data 
that indicate low water temperatures are optimal for bacterial growth in water (Edberg et al., 2000; Faust 
et al., 1975).  

McMahon (1989) suggested that while an individual marina may not impact the quality of the 
surrounding water bodies, the cumulative impact of several marinas may significantly degrade the 
surrounding marine environments. Potential impacts on the water system include increased turbidity, 
lower dissolved oxygen, increased nutrient and bacteria loading, and increased hydrocarbon loading 
(McAllister, 1996). 

The overall goal of the microbiological study was to identify how a tidal-water marina with 
floating docks would affect the surrounding ecosystem by measuring surface particle suspension 
characteristics and the concentrations of selected fecal indicators in Morehead City Yacht Basin. We 
hypothesized that there would be a significant difference in total suspended solids and fecal indicator 
bacteria outside the marina versus inside the marina. Another goal was to see the effect of stormwater 
draining into the marina on the water bacteriological levels. These hypotheses were tested by taking and 
analyzing water samples from locations in the channel beside the marina and within the marina itself 
with one location at the stormwater pipe.  

2. METHODS 

2.1 Sampling Sites 
  Water samples were collected on Sept 25, Oct 2, and Oct 23, 2013 at six locations within the 
Morehead City Yacht Basin (Fig. 1). Two high tide samplings occurred on Sept 25 and Oct 23 and a low 
tide sampling occurred on Oct 2. Site 1 was located on Dock S at the back of the yacht basin near a 
stormwater drain output. Site 2 was near a gasoline pump station on Dock B. Site 3 is at the end of Dock 
B near the channel. Sites 4 and 5 were located in the channels leading to the yacht basin. Site 6 was 
located in the corner of the yacht basin where the water depth became relatively shallow during low 
tides. Samples were taken 30 cm below the water surface in sterile Nalgene bottles. Two sets of water 
samples, one 250 mL and one 500 mL, were taken at each site. The smaller of the two water samples 
(250 mL) was used to test for total coliforms, E. coli, and Enterococcus and the other water sample (500 
mL) was used to quantify total suspended solids. The water samples were placed in a cooler with ice 
packs to slow microbial activity and were transported immediately back to the lab and placed in a 
refrigerator. 

2.2 Laboratory procedures 
 Total coliforms and E. coli were enumerated using an IDEXX Colilert-18 test kit and 

Enterococcus using an IDEXX Enterolert test kit. For each analysis, a 10 mL water sample was mixed 
with 90 mL of deionized water and the appropriate media. The solutions was transferred into a 51-well 
Quanti-Tray, sealed and incubated for 18 hours at 35°C and 41°C for E. coli and Enterococcus 
respectively. After incubation, the trays were examined under an ultraviolet light and fluorescing wells 
were counted. The most probable number (MPN) was determined for each sample by correlating the 
amount of fluorescent wells to the IDEXX 51-Well Quanti-Tray MPN table. Calculations were made to 
correct for the amount of water sampled by multiplying the MPN by 10 since only 10 mL of water of the 
100 mL sample was used. 
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Along with testing for fecal indicator bacteria, measures of salinity and pH were taken from each 
500 mL water sample once in the lab. To measure salinity, a digital refractometer model HI 96822 was 
used. Once calibrated, 2 drops of sample were placed on the well and the salinity was recorded. Wind 
velocity and water temperature were retrieved from a buoy station in Beaufort, NC (N 34.72’ W 76.67’). 
Rainfall data for 24, 48, and 72 hours were taken from NDBC Station CLKN7 (N 34.622’ W 76.525’). 

To determine the total suspended solids within a 500 mL water sample, two 100 mL subsamples 
were taken after mixing and measured using a 100 mL graduated cylinder. Water was vacuum filtered 
through 0.7-micrometer pore-sized glass fiber filters. The filters were prepped prior to filtering by being 
placed in aluminum foil packets and stored at 105°C for 24 hours. After drying, the filter packets were 
weighed on an analytical balance capable of weighing to 0.001 g to determine pre-filtering mass. 
Deionized water was used to rinse off any particle residue from the filter funnel. After filtration, the 
filters were placed back into the oven at 105°C to dry.  After 24 hours, the filter packets were taken out 
and weighed again to calculate the weight difference. 

3. RESULTS 

3.1 Fecal Indicator Bacteria 
     Total coliforms, E. coli, and Enterococcus concentrations at each site were compared between 
the sampling days (Fig. 2, Fig. 3). One-way ANOVA showed total coliforms between sampling days 
were not significant (p=0.05). E. coli concentrations significantly decreased between days 1 and 3 
(p=0.0334) and days 2 and 3 (p=0.0141) but were not significant between days 1 and 3. Total coliforms, 
E. coli and Enterococcus concentrations between sites showed no significant differences (Fig. 4, Fig. 5). 
To determine if the floating docks contributed to higher concentrations in bacteria, sites located within 
the marina (Site 1, 2, 6) were compared to the sites located along the channel of the yacht basin (sites 3, 
4, 5). Bacterial concentrations within the marina did not significantly vary with the locations outside of 
the marina. For all sites and sampling days, Enterococcus showed no positive wells and the 
corresponding MPN was <10. 
      
3.2 Total Suspended Solids  
         Total suspended solid (TSS) concentrations from each site were compared among the three 
different sampling days (Fig. 6). TSS significantly increased on sampling days 1 and 2 with a p-value of 
0.0299 but showed no significant difference between each site (Fig. 7). For each sampling day, fecal 
indicator bacteria concentrations were compared to TSS which showed no correlation to weak 
correlations (Table 1). All TSS levels were above the set US EPA standard of 20 mg per liter 
(NCDENR, 2007).  

3.3 Rainfall, Salinity and Water temperature 
          Other parameters were also observed at the Yacht Basin that could contribute to bacteria 
concentrations. Previous rainfall data were looked at 24, 48, and 72 hours prior to sampling date (Table 
2). On sampling day 3 within 72 hours there was a total of 5.90 cm3 of rainfall. The average salinity for 
each sampling day remained consistent, ranging from 35.5-36.17 psu (Table 3). The average water 
temperature was taken for each sampling day, which ranged from 20-24°C (Table 4). 
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4. DISCUSSION 
The goal of this study was to examine the biological characteristics and surface suspended solids 

of water within the Morehead City Yacht Basin in order to understand the effects of marinas on 
biological water quality. We found few significant correlations in fecal indicator bacteria and total 
suspended solids within the marina compared to tide specification, sampling location, and stormwater 
outfall. 

4.1 Fecal Indicator Bacteria 
The significant decrease in concentration levels between high tide sampling days 1 and 3 can be due 

to different sampling times. During flood tide, water coming from the ocean through Beaufort Inlet and 
into the yacht basin will have lower bacterial concentrations than during ebb tide. Ebb tide will have 
higher concentrations of total coliforms and E. coli due to more input from land runoff (Selvakumar & 
Borst, 2006). If sampling occurred on Sept 25 slightly prior to high tide, bacterial concentrations could 
be higher due to less dilution than on Oct 25, resulting in a significant difference between sampling 
days. The significant decrease in concentrations between low tide sampling and high tide sampling on 
days 2 and 3 is due to increased drainage into the yacht basin from land due to low tide bringing in 
higher bacterial concentrations (Selvakumar & Borst, 2006). 

The US EPA water quality standard for E. coli is 320 MPN/100 mL. Out of all six sampling sites 
during the three sampling days, only one site on day 2 had a MPN/100 mL higher than the set standard. 
This was site 1 on low tide, which was directly next to the stormwater drain. For all sampling sites and 
days Enterococcus concentrations were less than 10 MPN/100 mL. These levels were well below the US 
EPA set standard of 104 MPN/100 mL for Enterococcus (NCAC). Therefore, there was no indication of 
inputs or impacts from the marina to introduce Enterococci into the water. Contrary to Bare’s study, the 
concentrations from this study between each sampling site and sites located inside the marina versus 
sites outside the marina were not significant during a one-way ANOVA test.  The impact of the floating 
docks did not show a significant effect on the flow rates to increase concentrations within the marina 
(Chapter 1). 

4.2 Total Suspended Solids 
TSS significantly increased between low tide and high tide on days 1 and 2. This can be due to 

shallower water on day 2 and wind velocity increasing suspended solids due to re-suspension from 
bottom sediments (Schoellhamer, 1996). Since bacteria have been shown to attach to particles, an 
increase in suspended solids would result in higher bacterial concentrations (Stenstrom, 1989; Barcina 
et al., 1990; Davies & Bavor, 2000; Characklis et al., 2005; Fries et al., 2006). However, there was no 
correlation between concentrations and TSS for all three sampling days. This could be due to lower 
TSS values seen within the yacht basin compared to outside the basin and attachment from bacteria 
could occur at relatively higher TSS values than were present. 

4.3 Other Parameters Examined 
Few data points and replicates reduce the accuracy of rainfall amount, salinity level, and water 

temperature comparisons to fecal indicator bacteria concentrations. Additional data, including water 
sampling after storms and year-round sampling, would provide information about the effects of 
increased amount of rainfall and stormwater outfall and different levels of water temperature. Data from 
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Table 1. Bacterial Concentration vs. Total Suspended Solids Pearson coefficient R2 values. 

Day Total Coliforms E. coli 

1 0.01141 0.02582 

2 0.35464 0.27286 

3 0.16699 0.37415 

  
Table 2. Cumulative Rainfall over 72 hour period prior to sampling day. 

Day 24 hours 48 hours 72 hours 

1 0 0 0 

2 0 0 0 

3 5.41 cm3 5.90 cm3 0 

   
Table 3. Average salinity. All water samples had approx. 35 or 36 psu. 

Day Average Salinity Tide 

1 36.17 psu High 

2 34.83 psu Low 

3 35.50 psu High 

  
 
Table 4. Average Water Temperature. Day 1 through 3 data had decreasing water temperatures 
respectively. 

Day Average Water Temperature (Degrees Celsius) 

1 23.3 

2 22.8 

3 20.6 
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Chapter 4: Light Attenuation   

1. INTRODUCTION 
 
 Marsh plants and submerged aquatic vegetation (SAV) provide a nursery habitat and source of 
primary production for a vast amount of shellfish, mollusks, birds, mammals, and fish (Weinstein 1996). 
Both marsh grass and sea grass species have evolved to photoacclimate to varying amounts of incident 
light at different latitudes but struggle to survive without at least 15 – 25% incident light (Dennison et 
al., 1993, Kenworthy and Haunert 1991). The amount of light reaching the SAV from the surface based 
on the optical properties of the water can be calculated using the Beer-Lambert law and then taken as a 
percent of surface incident light.  
 The two most abundant species of sea grass found along the shores of North Carolina are near 
the limits of their preferred ranges. The more northern species Zostera marina generally inhabits sandy 
bottoms up to 6 meters in depth with a minimum of 15 - 18.6% incident light (Io) (Burdick and Short 
1999, Dennison, 1993).  The more tropical species, Halodule wrightii, is found in shallower depths of up 
to 1.9 meters with a minimum of 13 - 17.4% Io (Shaefer and Robinson 2001, Dennison et al., 1993). 
These minimum incident light requirements were calculated using secchi disk methods and by recording 
the median values of the intersection point of the light extinction curves with the maximum depth of 
SAV survival curves during the growing months of each species (Dennison et al., 1993). Light limitation 
from the shading effects of marinas may lead to physiological stress possibly resulting in diminished 
growth, increased shoot mortality, and limited depth distribution (Kenworthy 1996). 

In order to determine the shading effects of floating docks on the ecosystem we measured the 
level of incident light reaching the bottom and the rate of light attenuation in the water column. These 
measurements were conducted beneath, between, and away from docks in the marina and compared with 
a control completely removed from the water column. 
 

2. METHODS 

2.1 Light Available for SAV 
To measure light intensity on the basin floor of the Morehead City Yacht Basin twelve HOBO 

Pendant® Temperature/Light Data Loggers were deployed. These sensors were attached individually to 
cinderblocks (Fig. 1, Fig. 2) using Zipties and anchored to a piling close by in order to prevent loss. The 
GPS coordinates where each sensor was placed were taken and the anchor line was tied to selected 
pilings. A boat and dive team were used to deploy the sensors for the four light sensors deployed 
between the docks. Six other sensors lines were lowered from the dock and left for divers to place 
underneath the dock. One sensor was lowered from a boat away from the marina’s floating docks and 
closer towards the fixed dock on the west side of the basin to keep it away from most shading effects.  A 
control light sensor was then used to estimate incident light and was attached to a brick using the same 
method and was placed on the roof of a pump house at the University of North Carolina Chapel Hill’s 
Institute of Marine Sciences. 

Each sensor then recorded the light intensity at constant five-minute intervals and was left in 
place for a period of three weeks. Data collection began on September 26, 2013 and the light sensors 
were removed from the marina on October 22 (Fig. 3). To show the viability of SAV in the basin, we 
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calculated a daily percent incident light for each sensor by summing the total light recorded at each 
sensor over the course of a day and dividing this quantity by the total light recorded by the control 
sensor out of the water each day. To quantify the shading effects of the docks and boats in the marina, 
we also created time of day averaged plots, showing the average light intensity at a given time of day 
across the experimental period.  By comparing the shape of the time averaged plots from sensors placed 
under the dock to plot of incident light, we hope to show how shading can play a role in light availability 
based the angle of the sun (which should be relatively constant at a given time of day). 

2.2 Light Extinction with Depth 
 To supplement the data collected by the light sensors for available benthic light, light extinction 
measurements were also taken using a LI-193 Underwater Spherical Quantum Sensor. These 
measurements were taken every half-meter from the surface and recorded until the sensor hit the bottom. 
Measurements were taken between 13:00 – 15:00 with clear skies and low wind and taken out in the 
open channel bordering the yacht basin. These data were then used to produce a light extinction curve 
and find the extinction coefficient of the basin at the time of sampling.  
 Along with temperature sensor #70, an Onset Corporation Hobo U20 Water Level Data Logger 
was deployed using the same techniques (tied to a cinderblock) which recorded temperature and 
absolute pressure every 5 minutes to supplement the light measurements.  Using temperature data from 
the pressure sensor, and assuming an average salinity of 35.5 g/L in the basin (data from water quality 
group), we calculated density of water in the basin at every time point.  Using this calculated density and 
the recorded pressure data, we calculated an adjusted depth (change in water depth from the mean), 
eliminating the influence of tides on our light measurements.  Applying bottom light intensity 
measurements from sensor #60, incident light measurements from the control (above ground) sensor, 
and the adjusted depth of sensor #60 to Beer-Lambert’s Law (Equation 1), we calculated the extinction 
coefficient (Equation 2) over time in the basin (Fig. 3).  When calculating the extinction coefficient over 
time, we used sensor #60 (away from the docks) as opposed to sensor #70 (under B dock, attached to 
same cinderblock as the pressure sensor) in order to avoid shading effects from docks and boats. 
 

Equation	1:	 ∗  

Equation	2: ln 	  

 
3. RESULTS 
 
3.1 Light Available For SAV 
 To determine if the yacht basin could sustain SAV, total daily incident light were examined for 
each day (Figure 4). This data was recorded using the control light sensor that was placed above the 
water. Weather patterns varied through the duration of sampling, which can be seen within the data. 
There were mostly clear skies at the start of the experiment, significant cloud cover and rain on Oct 8 
and 9, and generally cloudier conditions on subsequent days. On the days with significant cloud cover, 
lower total daily incident light concentrations were examined compared to days with less cloud 
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coverage. In order to calculate the daily percent incident light, the daily incident light from the sensors 
placed within the yacht basin was compared to the control sensor.  
 To conclude whether the floating docks within the marina had substantial shading affects, light 
concentrations from underneath the docks were compared to between the docks (Figure 5, 6).  Data from 
both sites showed that light concentrations were below 0.5%. These percentages were then compared to 
Sensor 60, which was placed away from the docks as a control within the yacht basin to examine light 
patterns without potential shading affects (Figure 7). At this site percent incident light did not reach 
above 2% still well below the 12% need to sustain SAV.  
 The average incident light was compared to time of day for both the control sensor above the 
water and the sensors placed underneath the floating docks (Figure 8, 9). For the control, the peak light 
concentration occurred around 13:00. With the exception of the sensor placed under Dock C, underneath 
the docks did not show a significant midday peak, a feature that we expected to find in all locations 
since incident light intensity is much higher during mid-day. The peak in light intensity under Dock C 
during the morning suggests shading effects from the dock and boats during the middle of the day and 
the afternoon. This is further shown by the lack of significant peaks in the other light sensor data. 
 
3.2 Light Extinction With Depth 
 Because we used light intensities at sensor #60 (instead of #70 where the pressure sensor was 
located), the average water depth is not extremely accurate because we only have a single depth 
measurement (from when the sensor was deployed).  Assuming that water level varies equally across the 
marina over tidal fluctuations, we can consider the shape of Fig. 3 to be an precise representation of the 
change in light attenuating characteristics of water in the basin, while we are less confident in the 
accuracy of our calculated extinction coefficient at a given point in time. 

4. DISCUSSION 

4.1 Light Available For SAV 
 From Fig. 5 and Table 1, we see that light reaching the bottom is insufficient for seagrass 
survival at every sensor location in the marina.  Even sensor number 60, which was placed in open water 
away from the shading effects of the docks and yachts, received less than 1% of incident light on a daily 
basis, far less than the 12-15% minimum needed for seagrasses like Zostera marina and Halodule 
wrightii to grow (Dennison et al., 1993, Kenworthy & Haunert, 1991).  We conclude that light levels in 
the basin are too low to support the growth of SAV, even without the shading effects of the docks and 
yachts in the marina. 

4.2 Light Extinction with Depth 
While the extinction coefficient found from the light extinction curve made from the PAR sensor 

(Fig.10) agrees with common literature values found in similar systems (Denison et al., 1993), our time 
based analysis of extinction coefficient values (Fig. 3) suggests that characterizations of the light 
attenuation in the basin using a single value are inadequate.  The variation in light attenuation is constant 
and significant, with changes every day that have no correlation with time of day or tide levels.  The 
variation is not due to random fluctuations in the data either, as changes occur slowly and gradually over 
the course of a day, ostensibly as changes occur in the light attenuating properties of the water column 
such as total suspended solids and biomass from primary production.  Unfortunately, these parameters 
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were not recorded over similar time intervals, so we cannot make any conclusions on what was 
responsible for the hourly changes in the water’s extinction coefficient. 
 The literature on the subject is usually concerned with the results of light attenuation (such as 
primary production through the water column or SAV), and as a result there is little study on the 
changes in light scattering properties of the water on an hourly basis.   
 
Figures and Tables 
 
Table 1. Light sensor data from the 26-day deployment which shows location, depth, and average light 
levels in terms of % surface irradiance for each. 
 

Sensor # Longitude Latitude Position % Surface 
Irradiance 

Depth 

70  76°42'16.14"W  34°43'18.42"N Under beginning of Dock B 0.023 % 2.5 m 
71  76°42'15.24"W  34°43'20.04"N Under end of Dock B 0.056 % 2.5 m 
69  76°42'13.98"W  34°43'16.62"N Under beginning of Dock C 0.148 % 2 m 
67  76°42'10.80"W  34°43'16.98"N Under beginning of Dock D 0.005 % 2 m 
66  76°42'12.04"W  34°43'19.08"N Under side dock off C 0.003 % 1.5 m 
68  76°42'10.30"W  34°43'18.73"N Under side dock off D 0.010 % 3.5 m 
65  76°45'07.79"W  34°43'19.29"N Control: UNC IMS Facility 100 % 0 
64  76°42'12.13"W  34°43'17.22"N Between docks C and D 0.007 % 2.5 m 
63  76°42'11.09"W  34°43'18.66"N Between docks C and D 0.008 % 2.5 m 
62  76°42'15.30"W  34°43'17.98"N Between docks A and B 0.003 % 2.5 m 
61  76°42'14.15"W  34°43'19.88"N Between docks A and B 0.260 % 2 m 
60  76°42'17.68"W  34°43'20.17"N Away from docks to west 0.469 % 2 m 
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Figure 6. Daily % of incident light recorded under docks. Note: sensor #71 (end of B dock) became obscured by 
barnacle cover over the course of the experiment; measurements taken after Oct 8 are not shown. 
 

 
Figure 7. Daily % of incident light recorded from between dock sensors. 
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Figure 8: Total incident light measured by above ground control averaged by time of day.  Peak incident 
light was around 13:00. 
 

 
Figure 9. Photosynthetically Active Radiation (PAR) averaged by time of day from sensors placed 
under the docks. 
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Figure 10. Light extinction curve from LI-Cor PAR sensor, taken around 2 pm.  An extinction 
coefficient of 1.2 L/mol*cm was found. 
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 Chapter 5: Sediment and Microphytobenthic Community Analysis 

1. INTRODUCTION 
 
 The microphytobenthic layer (MPB layer) consists of photosynthetic microorganisms that 
colonize the benthic substrata in marine and coastal environments (Macintyre et al., 1996).  The MPB 
layer is an area of intense microbial and biochemical cycling and often is essential in the exchange of 
nutrients between the water column and the sediments (MacIntyre et al.,1996). The organisms of the 
MPB layer provide valuable ecosystem services in their respective areas, for example, the benthic algae 
can contribute up to 50% of primary productivity in estuaries (Underwood & Kromkamp, 1999), can 
mediate nutrient fluxes between the sediment and water column (Dong et al., 2000), and can provide 
food for herbivores (Defew et al., 2002). 
 Sediment grain size is the main controlling factor of MPB community assemblage (Perkins et al., 
2003, Paterson & Hagerthy, 2001).  However, the MPB communities also influence the characteristics 
of the sediments, creating a relationship between grain size and density of the algal organic matter. 
Benthic communities help hold sediments together and protect the sediments from resuspension 
(MacIntyre et. al., 1996; Delgado et al., 1991). The algal communities form a mat on top of the 
sediments that stabilizes the community. However, if one portion of the mat is disturbed, the integrity of 
the sheet is damaged and the sediments are exposed to higher velocity flows which increases mean grain 
size (MacIntyre et. al., 1996). Diatoms dominate fine sediments with smaller grain size ranging from 63 
to 125 microns, whereas diatoms dominate sandy sediments with grain sizes of 125 to 500 microns. 
These sediments may also feature some cyanobacteria and euglenoids (Underwood & Barnett, 2006).   

Irradiance is also a factor in benthic community structure because it drives photosynthetic 
activity. There is a non-linear relationship between photosynthesis and light that depends on light 
intensity and the irradiance at which the photosynthesis is saturated (Maclntyre et al., 1996). Muddy 
sediments have a photosynthetically active region (PAR) that reaches approximately 1.3 mm into the top 
of the sediment, and sandy sediments have slightly deeper light penetration (Kühl & Jørgensen, 
1994).  The MPB is most efficient at light intensities of 100-800 μmol photons m ⁻ ² second ⁻ ¹.  At light 
levels greater than 1200 μmol photons m ⁻ ² second ⁻ ¹, benthic microalgae migrate deeper into 
sediments to avoid photoinhibition. 
        We collected and analyzed samples for chlorophyll-a, sediment organic matter (SOM), HPLC, 
and grain size to uncover any effects of the Morehead City Yacht Basin on the sediments and MPB 
community within the basin.  More specifically, we asked if there was a difference in MPB community 
assemblage, average grain size, and SOM between the shaded benthos under the floating docks and the 
un-shaded benthos that is not under the docks.  We hypothesized that the docks would not have an effect 
on chlorophyll-a concentrations, average grain size, or microphytobenthic community structure, and that 
the docks would have an effect on the sediment organic matter content because of the fouling 
communities present on the floating docks.  We also hypothesized that there would be a difference in 
MPB community structure and sediment properties between inside the basin and in the channel outside 
of the basin.  The MPB is an extremely important area for photosynthesis, respiration, and nutrient 
cycling between the sediments and the water column in estuaries, but any impacts on the MPB within 
the marina would go unseen without scientific analysis of the benthos.   
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2. METHODS 

2.1 Sample Collection 
     Inside the Morehead City Yacht Basin (MCYB), twelve cores were taken from a boat and nine 
were taken from floating docks. Three sample sites were established under each dock, between each 
dock, and in the channel across from the marina (Fig. 1). 

Sediment cores were collected from the MCYB using the Stephenson Apparatus (from the 
Piehler lab – Fig. 2). This corer uses a clear plastic insert that is exchanged between each sample to 
prevent cross-contamination.  This apparatus has multiple extensions of PVC piping that makes it long 
enough to reach to the target depth of 2 to 3 meters.   

Each large core was subsampled for chlorophyll-a, accessory pigments, sediment organic matter 
(SOM), and grain size analysis. The cores were pulled onto the boat or dock and the bottom was 
stoppered with size 13 stoppers to prevent movement and disturbance of the sample. Next, a circular 
metal disk replaced the stopper on the bottom of the core, and the sample was pushed even with the 
surface of the corer to remove water and to bring it to a height that was easier to sub-sample. Five cc 
syringes that had the tops removed to form a cylinder were used to extract the top centimeter of 
sediment to subsample for HPLC and chlorophyll-a.  Each sample was separately placed into labeled 15 
ml centrifuge tubes. For SOM, 30 cc syringes were used to extract the subsample. The deepest 4 
centimeters and the shallowest centimeter were separated and placed into separate, labeled metal trays. 
The sediment grain size sample was taken from the remaining core content by pouring approx. 30 grams 
of sediment into a Whirl-pak. All samples were kept dark and cool in a cooler containing two ice packs 
until being stored back at the UNC-IMS. Chlorophyll-a and HPLC samples were stored in a freezer at -

20 C.  Sediment organic matter was immediately placed into drying ovens for analysis.  The sediment 

samples were stored in a cold room at 7 C.  

2.2 Chlorophyll-a Acidification Processing 
        In the laboratory, chlorophyll-a was quantified using the acidification method and a 
spectrophotometer (Lorenzen, 1967). The samples were first mixed with a mixture of 45:45:10, acetone, 
methanol, and diH20, to burst the chloroplast of the cells. Each sample was sonicated for 30 

seconds.  They were then stored overnight in a freezer set to -20 C to extract the chlorophyll-a. The 
samples were then poured through a syringe filter with a pore size of 0.7 microns and collected into a 
cuvette. The cuvette was placed in the spectrophotometer and readings of absorbance at wavelengths of 
750 nm and 664 nm were recorded. The cuvette was removed and 100 microliters of 10% hydrochloric 
acid were added. This further broke down the chlorophyll-a into pheo-pigments. The sample was 
measured again and readings for absorbance at the wavelengths of 750 nm and 665 nm were recorded.  

2.3 Sediment Organic Matter Processing 
For sediment organic matter, the samples were put into an oven set at 105° C to dry for 

approximately twelve hours upon returning to UNC-IMS. They were then weighed to determine the 
mass of the sediment without the water weight. The samples were then combusted at 525° C for a three-
hour period. The combusted material was weighed, and the difference between the combusted and dried 
sediment revealed the mass of the sediment organic matter. Percent organic matter was determined by 
dividing the difference of dried mass and combusted mass by the dried mass. 
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2.4 Accessory Pigment Analysis 
For MPB community analysis using HPLC, sediment sub-cores were placed into 15 mL 

centrifuge vials and kept frozen at -20C. The samples were then freeze-dried over a 12-hour period and 

returned to the -20C freezer. Each tube was individually covered with aluminum foil to prevent light 
from degrading sensitive pigments. 3mL of acetone was added to each tube. Samples were immediately 
sonicated for 30 seconds while held in a beaker with ice water. All samples were again returned to the 
freezer for 24 hours.  Samples were centrifuged for 10 minutes at 5000 rpm. The centrifuge was 
refrigerated at -20° C.  A Millipore syringe driven filter was used to separate the liquid phase (solvent 
containing pigments) from the solid phase. The resulting liquid was placed into individual 3 mL vials 
used for HPLC. Samples were stored in -20° C until analysis. 

2.5 Sediment Grain Size Analysis 
 Sediment grain size analysis was performed using the Cilas 1180 Particle Size Analyzer. This 
method implements laser particle size analysis to determine grain size for samples of mostly uniform 
spherical shape. From each of the 30-gram samples, two rounded scoops, approx. 5 cm3 were taken from 
the center of the sample with a scoopula. These were taken from the center of the Whirl-pak to obtain 
accurate average grain size for each sample rather than sampling from the outer sediments that may not 
be representative of natural patterns.  These scoops were diluted with water until they reached a particle 
concentration at which 8-12% of light is attenuated. This is measured by putting the dilute solution in 
the Cilas machine and observing the reading from the laser that passes through the sample. Each sample 
was analyzed to determine average grain size and standard deviation.  

3. RESULTS 

2.1 Levels of Chlorophyll-a  
Raw data for all four procedures were collected and analyzed separately as well as in 

combination in multivariable analysis. The chlorophyll-a data had an average amount of 89.923 g/L 
(σ=27.253) (Table 1). There were not significantly lower chlorophyll-a values at the channel site 
(p=0.822) and no significant detectable differences in sites between docks and under docks (p=0.650) 
(Table 3). 

2.2 Percent Sediment Organic Matter  
Sediment organic matter percentages were processed for 15 of the 21 sites because there were 

some lost in the transfer of trays. The average measurement was 8.131% (σ=3.645) (Table 2). Once 
again there were significantly lower SOM percentages for the channel  (p=0.0081) and not a significant 
detectable difference in sites between dock and under docks (p=0.371) (Table 3). There were indications 
of trends between the under dock and between dock locations but there were not enough between dock 
samples to support the trend.  

2.3 Accessory Pigment Analysis  
HPLC analysis revealed the presence of fucoxanthin and zeaxanthin in all locations of the 

MCYB (Table 3). In tests of significance, sample sites I1 and I2 are omitted as the differences in 
environmental factors (high current velocity and sediment composition) would incur bias in the results. 
Samples B-D are considered “Under dock” samples, and the letter relates to each floating dock in the 
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basin respectively. Samples X-Z are collected at a distance from the dock. These samples experience 
little or no shading during the times of the day at which incident irradiance is highest (Chapter 4). To 
test the effect of shading of the benthic layer on the primary produces, a t-test was applied to the 
distribution of fucoxanthin and zeaxanthin in each sample type. In both sample locations, a total of 9 
samples were taken. The average concentration of fucoxanthin in the “under dock” and “away from 
dock” samples were 3.485 μg/L (σ=1.539) and 3.869 μg/L (σ=1.526), respectively. For zeaxanthin, 
average concentrations were 0.819 μg/L (σ=0.285) from under the dock and 0.609 μg/L (σ=0.342). The 
distribution of fucoxanthin shows no trend in relation to location (p=0.602). The distribution of 
zeaxanthin in the basin is also attributed to stochastic factors (p=0.1762). 

2.4 Average Grain Sizes 
The average sediment grain size was 22.582 µm within the basin and 158.72 µm in the channel. 

Analysis revealed that that there is no significance between the under dock and not under dock samples 
(p=0.538) (Table 3). There was significance in location when the channel sites were included (p=1.57 E-
12) (Table 3). This difference in location can be seen when categorizing the average grain sizes by the 
three locations (Fig. 4). There was an outlier of grain size at sample site B3 which was at the end of the 
B-dock near to the channel. The grain size was not as large as that of the channel sites but larger than 
average basin grain size.  

2.5 SOM and Grain Size Relationship 
An association between average grain size and percent SOM was established by graphing 

percent SOM versus average grain size (Fig. 5). The log value for each variable was used to establish the 
best-fit linear relationship. This transformation made the data more comparable when graphed 
(R2=0.944). This indicates strong correlation between the two variables. The relationship is mostly 
determined by three points of the data that have larger grain size. These percent SOM values had a 
negative, linear correlation with grain size.  

2.6 Multivariate Analysis 
The similarity in variables among samples was determined by running a four-way multivariate 

test on percent SOM, chlorophyll-a content, fucoxanthin content, and average grain size throughout the 
sampling area. Non-metric multidimensional scaling plots were created comparing location and position, 
location being under dock, between dock and channel and position being inner, mid, outer and far (Fig. 
6). There were significant differences in the variables for position (p=0.007). This can be seen in the 
grouping of the nMDS plot (Fig. 6). There was larger grain size, less fucoxanthin, and less percent SOM 
in the channel sites compared to the basin sites. Chlorophyll-a, however, was relatively the same inside 
and outside the basin.  

Another non-metric multidimensional scaling plot was created comparing location and position, 
location being only under dock and between dock and position being inner, mid and outer (Fig. 7). 
Within the basin there were also significant differences between the variables in location (p=0.04) and 
position (p=0.05) (Fig. 7). A pair wise test was then performed to determine within the position category 
which values were different from each other. This revealed that there was a significant difference in 
inner and mid (p=0.05) and inner and outer (p=0.046).  
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To determine the factors that contributed to the differences in the position and location, a 
principle component analysis (PCA) was performed on the sampling site factors. The first principle 
component is the amount of chlorophyll-a that determines the difference in between inner and mid dock 
positions. The second principle component is percent SOM which determines the difference between 
dock and between dock locations. The PCA plot shows that the difference in position is determined by 
chlorophyll-a amount and the difference in location is determined percent SOM (Fig. 8). There was a 
trend of more percent of SOM under the docks when compared to between the docks locations. The 
levels of chl-a is lower at the inner position than it is at mid or outer position.  

4. DISCUSSION 
 
 Within the MCYB, there was a significant difference between under the docks and not under the 
docks, between inner and mid dock positions, and between sample sites within the basin and in the 
channel. There are many possible dock effects that could suppress the microphytobenthic community.  
Dock shading could decrease chlorophyll-a under the dock, increased organic matter under the docks is 
possibly due to the fouling communities present on the docks, and the docks may be slowing currents, 
which would decrease resuspension of the benthic microalgae. Less chlorophyll-a is present closer to the 
shoreline surrounding the marina, but fucoxanthin is homogenous throughout the basin, indicating that 
diatoms are not adversely affected by different factors within the basin controlling chlorophyll-a 
concentrations. Sediment organic matter was slightly higher underneath the docks than not under the 
docks, and grain size was approx. homogenous throughout the basin. 

Benthic chlorophyll-a measures are widely used as a proxy for primary producer biomass. This 
method is not an exact measure of primary producer biomass. Chlorophyll-a degrades unless it is kept in 
complete darkness and sub-freezing temperatures; therefore, the chlorophyll-a amounts that we 
measured are degraded from levels actually present in nature. Sediment chlorophyll-a measurements in 
the basin were lower and more variable closer to shore, in what we termed the “Inner” section of the 
marina. There were also areas of low light (under the docks) within the basin that could theoretically not 
support microalgae (<1% incident irradiance) (Chapter 4, Fig. 6). Larger current velocities may increase 
resuspension of the sediments and MPB in the Inner and Outer areas, and lower current velocities in the 
Mid area could decrease amount of MPB resuspension and allow more light to reach the benthos, 
resulting in higher chlorophyll-a levels, or more MPB biomass. We accepted our hypothesis that the 
docks do not have an effect on the amount of benthic chlorophyll-a.  Chlorophyll-a was one of the two 
controlling factors in our multivariate analysis but it determined position within the basin differences 
rather than difference in dock location (Fig. 8). Also, there was no significant difference between 
channel sites and sites within the basin.  
 We hypothesized that there may have been a difference in SOM percentage between under the 
docks and not under the docks because of the fouling communities present on the floating dock 
structures, and this hypothesis was confirmed.  There was an apparent difference in sediment organic 
matter by location (between under and not under the docks), but no difference in position (inner, mid, 
outer) within the marina.  There was also a statistical difference between sample sites within the basin 
and in the channel.  This difference in location within the basin was only significant in our multivariate 
analysis, and it was not significant in our one-way ANOVA of SOM values. There were not sediment 
organic matter samples available for all of the sites, which could have weakened the statistical ability to 
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detect additional patterns. However, the large statistical difference between SOM within the basin and in 
the channel does show the effect that the basin has on the microphytobenthic community. There are 
many factors such as alteration of current flow by the docks and resuspension by boat wakes, winds and 
tidal currents that could be causing this increase in SOM values within the basin. Therefore, we cannot 
attribute this difference in variability to the floating docks or any marina-related effect without further 
exploration and testing within the basin.  

In accordance with our hypothesis, fucoxanthin was relatively homogenous throughout the basin, 
but like the SOM, fucoxanthin showed a significant difference between amounts within and outside of 
the basin. This large difference between within and outside of the basin may be attributed to higher 
current velocities at the channel sample sites. There were statistically different amounts of SOM and 
chlorophyll-a within the basin, but the fucoxanthin concentrations were still homogenous throughout, 
indicating that the main controlling factor of fucoxanthin concentration within our study is flow. Similar 
to chlorophyll-a and its use as a proxy for biomass of algae, fucoxanthin can be used a proxy for 
biomass of diatoms. Higher flows would, theoretically, allow a smaller amount of diatoms to settle onto 
the bottom and join the MPB community. However, the distribution of fucoxanthin within the basin 
does not parallel the distribution of chlorophyll-a, so more research should be done to determine why 
there is a difference in chlorophyll-a but not fucoxanthin. 

Average grain size was not significantly different within the channel, but was significantly 
different between inside the basin and in the channel. This once again confirms our hypothesis. Channel 
sample sites had large grain sizes (>150 μm) indicative of sandy sediments while the majority of sites 
within the basin had much smaller grain sizes (<23 μm) indicative of silty sediments. One determining 
factor is slower currents within the basin that cause deposition of the suspended solids that would have 
normally remained in suspension in the water column (Chapter 1, Fig. 9, 10).  Another factor would be 
the sediment load that enters the basin, but this data was not measured. One sample site within the basin, 
B3, had a grain size of 68 μm, and this can be explained by this site’s interaction with strong currents 
from the channel (Chapter 1, Fig. 4). Other factors were not determined to be significant because the 
measurements for chlorophyll-a and fucoxanthin did not differ from the rest of the basin. Sediment 
organic matter was significantly lower but we determined that SOM and grain size have a strong, 
negative relationship (Fig. 7). B3 is at the end of Dock B, and this site is the closest to the channel and 
the channel sample sites. This indicates that flow is more than likely the controlling factor.  
 The main determining factor for the development and success of a microphytobenthic 
community is the substrata (Underwood et al., 1999). Fine cohesive sediments better support 
communities because they provide more nutrients and are less likely to be resuspended (Underwood et 
al., 1999), and the diatoms and organic rich particles that make up much of the sediment organic matter 
will sort with smaller mineral grain sizes (Bergamaschi et al., 1997). Our data found this was true in our 
basin as well because of the significant difference in all our measured factors between the in-basin 
environment and the channel environment (Fig. 3) Within the basin, there is a ubiquitous presence of 
fucoxanthin and chlorophyll-a that indicate presence of typical benthic primary producer community 
(Fig. 4).  
 There was a statistically significant difference between the channel and the basin.  The basin had 
higher fucoxanthin concentrations, higher SOM percentages, and smaller average grain size.  The data 
collected in this study also showed that there was a significant negative correlation between SOM 
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I1 Channel Far 67.99 
I2 Channel Far 95.08 
Average 89.92 
Standard Deviation 27.25 
 
Table 2. Raw data for the sediment organic matter percentages per sample along with location and 
position parameters designated. There was not a complete set of samples sites because some of the 
samples were lost during processing.  
Sample Location Position Percent SOM (%) 
B1 Under Dock Near 10.87 
B2 Under Dock Mid 10.22 
B3 Under Dock Outer 2.73 
C1 Under Dock Near 11.17 
C2 Under Dock Mid 7.15 
C3 Under Dock Outer 11.04 
D1 Under Dock Near 6.45 
D2 Under Dock Mid 13.66 
D3 Under Dock Outer 11.29 
X1 Between Dock Near 8.32 
Y2 Between Dock Mid 9.28 
Z2 Between Dock Outer 8.33 
Z3 Between Dock Near 9.72 
I1 Channel Mid 0.71 
I2 Channel Outer 1.03 
Average 8.13 
Standard Deviation 3.64 
 
Table 3. Pigments used for benthic community composition. 
Sample 
Location 

Sample Weight (g) Analyte 
Volume(uL)

Total  Volume 
(ml) 

Fucoxanthin 
(µg/ g) 

Zeaxanthin 
(µg/ g)  

B1 0.422 200 3 2.566323 0.483428 
B2 0.203 200 3 3.496121 1.240853 
B3 0.443 200 3 4.943679 0.646774 
C1 0.445 200 3 3.301254 0.887073 
C2 0.313 200 3 6.637031 1.097324 
C3 0.326 200 3 2.661829 0.510288 
D1 0.36 200 3 4.439132 1.046181 
D2 0.389 200 3 1.916201 1.023594 
D3 0.421 200 3 1.404276 0.443374 
I1 1.323 200 3 0.393027 0 
I2 1.421 200 3 0.444521 0 
X1 0.538 200 3 2.702486 0.31291 
X2 0.562 200 3 3.076798 0.421832 
X3 0.537 200 3 3.93762 0.364097 
Y1 0.287 200 3 6.166551 0.707506 
Y2 0.292 200 3 6.95097 1.517664 
Y3 0.439 200 3 3.764802 0.463086 
Z1 0.439 200 3 2.295316 0.495981 
Z2 0.32 200 3 2.775215 0.578582 
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Z3 0.341 200 3 3.156851 0.619565 
 
Table 4. One-way, Simple ANOVA of various factors within the MCYB 

One-Way, Simple ANOVA 
      

Chl-a, Between all groups Mean SE P-Value 
Under Dock 94.18245 10.89507228 0.82199 
Outside Dock 87.52744 9.374978854
Channel 81.53685 13.54521038

    
Chl-a, Between under 
dock and not under dock       
Under Dock 94.18245 10.89507228 0.64959 
Outside Dock 87.52744 9.374978854

    
Chl-a, Between Inner and 
Mid areas       
Inner 66.37662 10.3650361 0.0494339 
Mid 104.64339 13.6291414

    
Sediment Organic Matter, 
Between all groups       
Under Dock 11.85468 1.779988206 0.0081 
Outside Dock 9.52028 0.461262198   
Channel 0.7495 0.106562432

      
Sediment Organic matter, 
Between under dock and 
not under dock       
Under Dock 11.85468 1.779988206 0.37098 
Outside Dock 9.52028 0.461262198
      
Average Grain Size, 
Between all groups       
Under Dock 24.39222 5.516938256 1.57E-12 
Outside Dock 20.77222 1.633288926
Channel 158.1833 4.64
      
Average Grain Size, 
Between Under dock and 
not under dock       
Under Dock 24.39222 5.516938256 0.538119 
Outside Dock 20.77222 1.633288926
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Figure 7. Multivariable analysis nMDS plot of samples sites without the channel sites, taking into 
account factors of percent SOM, Chl-a amounts, fucoxanthin levels and grain size. The figure is non-
metric but the groupings show the trends in location and position. There is significance in these factors 
between the locations with a p-value of 0.04 and position with a p-value of 0.05. 
 

 
Figure 8. Multivariable analysis PCA plot for nMDS plot in Figure 7. This shows the 15 sample site 
with four components of Chl-a amounts, fucoxanthin levels, grain size and percent SOM. The first 
principle component is amount Chl-a that determines the difference in between dock and under dock 
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locations. The second principle component is percent SOM which determines the difference between 
inner and mid position (p=0.05) and between inner and outer positions (p=0.046). 
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       Chapter 6: Fouling Organisms and Fish Communities 
 

1. INTRODUCTION 
 
     Epibiota are the plants and animals that attach to hard surfaces (Clynick et al., 2007). Epibiota play a 
vital role in providing a biotic structure on the surface of an artificial substrate, which can enable further 
colonization of species. Floating dock structures provide habitats for a large number of subtidal plants 
and animals that would normally be attached to a rocky reef (Connell & Glasby, 1999). A study in 
Sydney Harbor, Australia revealed that urban habitats create novel habitats for epibiotic assemblages 
regardless of the composition of the substratum (Connell, 2001). Connell & Glasby (1999) also indicate 
that artificial structures may increase the abundance and diversity of subtidal epibiota, but are not an 
exact substitute for epibiotic assemblages that occur on nearby natural substrates. Therefore, there is 
growing concern that urban structures do not adequately replace natural reefs and could support epibiota 
that would not otherwise naturally settle. 
        Artificial structures that provide novel habitat for flora and fauna have the potential to attract 
herbivorous and carnivorous fish species because epifauna living in the biota attached to structures may 
be a source of food (Lopez-Jamar et al, 1984). Investigations of epibiota population dynamics indicate 
that habitats created due to beach development can contribute to increasing fish biomass (Bohnsack, 
1989; Fabi et al., 2004) and abundances (Rooker et al., 1997). Epifauna and epiflora may also provide 
protection for small fish species such as adult blennies and juveniles as they seek refuge from predators. 
However, not all studies support these claims. Coleman & Connell (2001) experimentally removed 
epibiota from pier pilings and found that the variation in the amount of epibiota had only minor effects 
on the abundances of fish around pilings. Therefore, it is necessary to employ caution when making 
generalizations regarding the value provided to epibiota by artificial habitat structures because such 
relationships can be location-specific.  
        The first part of the present study investigated factors that govern epibenthic assemblage 
structure in the Morehead City Yacht Basin. We hypothesized that there would be a significant 
difference in the floating dock communities based upon the directions in which the floats face (aspect) 
and distance from land. This hypothesis was tested by taking and analyzing scrape samples from the 
floating docks at several locations throughout the marina. The second part of this study investigated how 
the Morehead City Yacht Basin acts as a habitat for fish species in an urban coastal ecosystem. The goal 
was to identify spatial patterns in the distribution and abundance of fish within the marina. Specifically, 
we tested the hypothesis that the behavior and composition of fish assemblages would differ within the 
marina. We predicted that fish species would utilize all of the floating docks for refuge and food, but 
that currents and distance from land would explain the variation in species abundance throughout the 
marina. To determine the generality of these patterns, this hypothesis was tested at several locations and 
during high, ebb, and low tides. In order to further describe overall anthropogenic effects of the marina 
on the ecosystem, we juxtaposed our epibiota and fish abundance data with the light, current, and dock 
orientation data gathered by other groups. 
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2. METHODS 

2.1 Scrape Analysis 
        We completed an assessment of the epibiota within the Morehead City Yacht Basin to explore 
ecological gradients and interpret the effects of dock aspect, dock orientation, dock location, tides, and 
current flow on the characteristics of the dock communities. This assessment was completed by 
performing a scrape analysis. We determined the scraping sample locations by using a stratified random 
sample of Dock B, Dock C, and D-dock (Figure 1). We divided each dock into three sampling strata 
based on distance from land (near, mid, far) and within each strata we randomly chose two sampling 
locations based on the boat slip numbers. To make sure we included the ends of the dock, we also took 
four haphazard samples at the end of B, C, and D docks. Our design yielded a total of 22 sampling 
locations (Figure 1). However, a single sample was lost due to processing error (n=21). At each location, 
we used a 25 cm by 25 cm PVC (20 mm diameter) quadrat to standardize and designate the scraping 
sample space.  The quadrat was held against the vertical float surface in a haphazardly-chosen location 
within the aforementioned slip numbers. We used a 5 mm mesh size net supported by a 1 m2 square 
frame of PVC (20 mm diameter) pipes to collect falling organic material as they were scraped off of the 
float surface using a 15 mm x 25 mm square metal spatula. Each sample was bagged, labeled and placed 
in a cooler with ice. 
        Samples were then transported to the lab where they were stored in a walk-in cooler (7ºC) to 
preserve the samples. Within 24-48 hours of collection each sample was deposited into a white tray and 
rinsed with saltwater collected from Bogue Sound. Species were sorted and individuals were counted 
while colonial species were quantified by weight using a top loading balance or by measuring the 
surface area. Using marina blueprints, an estimate of the total float surface area available to the 
epibenthic communities was calculated in order to estimate the total biomass of colonial species in the 
marina. 

2.2 Fish Abundance and Behavior 
        To qualitatively assess the fish species abundance and behavior at the marina, our group made 
observations along the docks during high, mid, and low tides and identified fish species based on visual 
characteristics. Two observers spent five minutes at each of the designated near, mid, far, and end 
portions of the dock recording fish species. To record fish abundances, a scale adopted from the Reef 
Environmental Education Foundation (2013) roving diver survey technique was used: S (single; 1), F 
(few; 2-10), M (many; 11-99) and A (abundant; 100+). One observer monitored one side east of the 
dock while the other monitored the western side. Observers then switched sides after each five-minute 
trial. This method was used for the three docks under study and for the three chosen tide phases. In 
addition, the observers qualitatively recorded swimming patterns and direction, habitat use, and other 
general observations. Observations were only made for one day (n=1) and visibility was often limited.  

3. RESULTS 

3.1 Scrape Analysis 
To supplement the dispersion and variability statistics for the scrape data, dominant taxa were 

subjected to an analysis of variance of their abundance or mass relative to their dock (B, C, or D), their 
relative position (inner, mid, outer, end), and their float aspect (north, east, or west). ANOVA tables 
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were produced using R-statistical software. For all of the ANOVA tests, significant results were found 
to exist for Codium fragile between the parameters of mass and aspect (p=0.0136), as well as the 
parameters of mass and position (p=0.0393) (Table 5). The difference in the means between shrimp 
species with respect to aspect was also significant (p<0.05). There were only two samples that contained 
Codium, both of which were taken at the north-facing end position of Dock C. Both of these samples 
also contained shrimp. Although these results indicate a tight coupling between shrimp and Codium, the 
paucity of data limits the extent to which significant conclusions between the two species may be drawn. 

Species richness, the number of different species per scrape sample, was averaged for each dock, 
aspect, and position relative to land (Figure 2). Although there was slightly greater species richness on 
Dock B, on eastern facing slips, and at outer points compared to other measured points around the 
marina, these differences were not statistically significant (p>0.05).  

In order to gain a better understanding of the epibiota community species distribution throughout 
the marina, we examined the colonial species mass data. Of the approximately 1.19 kg of total colonial 
species collected from the scrape samples, Codium fragile constituted the largest percentage (41.2%) of 
colonial species mass, closely followed by Bugula spp. (37.6%) (Figure 3). Further analysis of wet mass 
for each parameter was conducted to examine the spread of the colonial species relative to dock, aspect, 
and position (Figure 4). Compared to the other docks, Dock C had the greatest colonial species mass 
(approximately 808 g). Codium fragile constituted approximately 65% and Bugula spp. approximately 
25% of the total mass for Dock C. The samples collected from the north-facing slips had an overall 
greater mass than those facing east and west, in large part due to the presence of Codium (83% of total 
mass). West-facing slips had colonial species mass made up of nearly 38% Porifera spp. while east-
facing slips only had approximately 5% sponge. The ends of the three docks had the highest overall wet 
mass (589 g) compared to the other dock positions. Because Codium spp. colonies are on average denser 
than the other colonial species present at the marina, this may have contributed to the greater combined 
mass for the north-facing end positions on Dock C. If the two Codium species found in the scrape 
samples were not included in the data, the far slips, west aspect, and Dock C would have the greatest 
mass. Therefore, it is important to note that although Codium fragile contributes such a high percentage 
to total colonial species mass, it occurs so infrequently that its relative importance to the overall epibiota 
community may be limited. Lastly, using dock and float surface area measurements, we estimated that 
approximately 2555 kg of colonial epibiota are supported by the yacht basin’s floating docks (Table 1).  

Relative abundance and distribution for each species was calculated for each dock, aspect and 
position. Relative species abundance is denoted by percent by mass or count depending upon the 
feasibility of quantifying each species (Table 2). Species distribution, denoted by percent presence for 
each 625 cm2 quadrat, was also calculated for each species (Table 2). Neither species abundance nor 
distribution is statistically significant between any of the factors. Bugula spp., Tunicata spp., C. 
virginica, and Ulva spp. were evenly distributed between the inner, middle, outer, and end locations of 
the docks, but approximately 50% of each species’ mass was found on the eastern side of the docks. 
Bugula spp. had the lowest abundance (13%) at Dock D, and the lowest abundance of Ulva spp. was 
found at the inner dock positions (8%). Balanus spp. were fairly evenly distributed among the dock, 
dock position, and aspect parameters. B. exustus was present in several locations and showed greater 
abundances on eastern slips (56%), on Dock B (64%), and in the middle positions (49%), compared to 
other aspect, dock, and position options. B. anisotoxa presented abundances at inner locations (90%), on 
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west-facing slips (90%), and on Dock C (51%) that were much greater than other parameter options.  B. 
anisotoxa was not found at the end and outer dock positions. 100% of Codium spp. abundances and 96% 
of shrimp abundances were concentrated at the north end of Dock C. In addition, 49% of the crabs were 
found on the west side of Dock C, while crabs were least abundant (only 9%) at the north-facing ends of 
each dock.  

Analyses revealed no clear effect of dock orientation and position on the epibiota community 
composition.  Distance-based tests for homogeneity of multivariate dispersions using PRIMER 6 
software and the PERMDISP built-in function were performed on square-root transformed data of 
combined epibiota taxa. These tests yielded statistical significance (p=0.021) between the variability 
among community composition with regard to sample position (Table 3).  Subsequent pairwise 
comparisons revealed significant differences in variability between the following positions: end and 
inner (p=0.036), end and outer (p=0.014), mid and outer (p=0.045), inner and outer (p=0.017) (Table 4). 
The inner section is moderately variable as compared to the end and mid positions.  The outer position 
was the least variable (but contained only three sample points).  However, when the dock parameter was 
inputted as the contributing factor in this same test, no significant interaction between specific dock and 
community structure was shown (p=0.851) (Table 3).  Moreover, there was evidence that the abundance 
of Brachidontes exustus and Balanus spp. were the drivers of this variability; however, they did so 
independently (Figure 5).  

3.2 Fish Abundance and Behavior 
        The most common pelagic fish species observed at the Morehead City Yacht basin were Menidia 
menidia (Atlantic silverside), Anchoa mitchilli (bay anchovy), Lagodon rhomboides (pinfish), and 
Archosargus probatocephalus (sheepshead). At slack-high tide, there were approximately the same 
number of silversides and/or bay anchovies (the two could not be distinguished from the docks) at all 
three docks and they tended to reside approximately 1-1.5 meters from the floating dock structure at a 
depth of less than 0.25 m. D-dock evidenced the most balanced silverside and/or bay anchovy 
abundances in relation to aspect and distance from land (Figure 6). Stationary schools favored the east 
side of Dock C and Dock D. In comparison, more active and larger schools of silversides and/or bay 
anchovies were located on the west side of Dock B. The larger and more active schools were located 
farther away from the dock (3-4 m) and at a greater depth (>0.5 m), and their behavior indicated 
swimming behavior rather than foraging behavior. Pinfish were observed less frequently than silversides 
and/or bay anchovies and were more evenly spaced within the marina at high tide (Figure 6). Two 
sheepshead fish were observed at a vacant slip under the east side Dock C.  
        During mid-ebb tide, silversides and/or bay anchovies were still the most prevalent fish species 
sighted at the marina (Figure 6). Large schools of bay anchovies and/or silversides were observed on the 
west side of Dock B and were traveling north to south, opposite the general schooling direction observed 
during high tide. There were fewer silversides and/or bay anchovies near the end of the docks and closer 
inland during mid-ebb tide. Pinfish abundances were much lower during mid-ebb tide throughout the 
marina with no detectable distribution pattern while showing a similar foraging behavior as during high 
tide (Figure 6). A single sheepshead was observed on the west side of Dock C closer to shore.  
 At slack-low tide, even fewer silversides and/or bay anchovies were observed. Silversides and/or 
bay anchovies were concentrated inland and exhibited similar behavior as those during high and ebb 
tides (Figure 6). A single, less active school of silversides and/or bay anchovies was observed off of the 
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west side of Dock B. In no discernible pattern, single pinfish were observed throughout the marina 
(Figure 6). 

Anecdotal evidence of other marine life in and around the marina was provided by marina slip 
owners. These individuals told of a porpoise sighting outside of the marina in June 2013, sea otter 
sightings during the summer months of 2013, and the aggregation of feeding fish at night, a pattern that 
was suggested to be effected by the marina lights during the night. In addition, a plethora of stone crabs 
were found on and inside of cinder blocks deployed for the light attenuation data, suggesting that the 
epibiota can also support large benthic crustaceans within the basin.  

4. DISCUSSION 
 

The goal of this study was to examine the characteristics and spatial trends of epibiota and fish 
assemblages within the Morehead City Yacht basin in order to interpret the role of the floating docks as 
a habitat for marine organisms. It is apparent that the docks support a diverse and abundant community 
of marine species, as almost no bare space was sighted on the surface of the submerged floats. 
Interestingly, we found few significant trends in epibiota community composition, species richness, and 
species abundance within the marina relative to dock aspect, position relative to land, and the docks 
under study.  

The distance-based tests for homogeneity of multivariate dispersions revealed the significant 
impact of position on the variability of community structure.  This test showed that the variability of the 
community structure was greatest at the end and mid dock positions and that the outer position showed 
the least variability.  This may have been a result affected by a lesser number of collected samples at the 
outer position, in comparison with other positions. There was no overlying pattern relating community 
variability to the sample site’s proximity to the shore or channel.  However, there were some positions 
(end, mid) that showed significantly greater variability compared to other positions.  The end of B dock 
experiences stronger and more variable flows compared to other locations (Chapter 1, pg. 11). Stronger 
flows may create a physically stressful environment causing haphazard removal of species living on the 
floating dock.  As supported by Sutherland and Karlson (1977), the recruitment of new settlers to 
unoccupied space varies based upon the time of year, placing community structure in a state of constant 
flux with the unpredictable threat of removal. 

The majority of the ANOVA tests between individual epibiota species and dock, aspect, and 
position did not yield significant results. These findings indicate that the parameters of dock choice, 
aspect, and position relative to land exert a minimal impact upon species in the marina’s epibiotic 
communities. Because the lack of significance for such factors does not reveal any further insight into 
the effectiveness of the floating docks as a substrate for epibiota, trends throughout the marina that were 
observed during the sampling period can be used to describe the general characteristics of the 
communities. For example, it is evident that the floating docks provide a surrogate substrate; from our 
general observations during our scrape analysis we rarely saw more than 10% bare space on the floats. 
Also, the barnacles and oysters settled directly on the float substrate, which may drive succession and 
recruitment by providing greater surface area for the settlement of other epibiotic species capable of 
settling on secondary substrate.  Another noteworthy find was that 96% of shrimp individuals found 
during our scrape analysis were located directly on the Codium fragile. This suggests that the shrimp 
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may utilize this macroalgae for refuge from predators, a food source, or protection from the high flow 
environment.   

The concentration of Ulva spp. greatly depends on the amount of sunlight available (Altamirano 
et al., 2005). Although higher concentrations of Ulva spp. were observed on the east side of the docks 
and the lowest concentration of Ulva spp. was observed in inner parts of the dock. Balanus spp. have 
increased tolerance to adverse environmental conditions which may explain the species’ more evenly 
spaced distribution around the marina (Desai, 2009). It is unclear why B. anisotoxa was most abundant 
on the inner positions (90%) and the west sides (90%) of the docks. 

Crabs that favored the west side of Dock C, where fish were least abundant during high tide, may 
have found protection and decreased predation from sheepshead that feed on invertebrates (Hernandez 
& Motta, 1997). Future studies could measure crab abundances during different tidal stages to provide 
insight into whether the locations of crabs were related to current direction. 

For all observation periods, the silversides and/or bay anchovies favored the inland east side of 
all three docks. Although we did not measure flow on the fish survey day, our direct observations from 
the docks suggested flow was slower on the east side of the docks both at high and low tides perhaps 
providing regions for fish to escape the highest flow velocities. 

The majority of the observed silversides and/or bay anchovies were located inland during ebb 
tide. The inland portion of the marina receives lower flow rates, therefore fish may occupy this area to 
reduce energy exertion (Chapter 1, Fig. 9). Another recurring observation was that the silversides and/or 
bay anchovies tended to school behind the pilings on the east sides of docks. During ebb tide, marina 
current flow followed a west to east pattern, therefore fish would find slower current and protection 
behind the east side of the pilings (Chapter 1, Fig. 9). Pilings attract plankton from all depths and 
provide an aggregated food source as well as protection from predators (Clynick, 2008; Hamner et al., 
1988).  No obvious distribution was seen for the pinfish or sheepshead; however, they were always 
observed to be feeding directly on the floating dock epibiota. Also, very few fish were detected in boat 
slips with chemical slicks and visible trash pollution contained between the dock float and the stern of 
the boat. It is possible that this pollution could have interfered directly with fish behavior by acting as a 
deterrent.  For example, pinfish have been known to effectively learn to avoid consumption of material 
through trial and error (Lopanik et al., 2004).  The pinfish and other fish species may have learned to 
avoid the polluted areas in a similar manner.  

Dock D evidenced the most balanced silverside and/or bay anchovy abundances in relation to 
aspect and distance from land. Clynick (2008) attributed the increased abundance and diversity of fish at 
Davis Marina, Sydney, Australia to the relative proximity of the marina to a natural rock reef. Likewise, 
we attribute the higher abundance of fishes on Dock D to the dock’s proximity to a salt marsh bordering 
the east side of the marina. Salt marshes are sites of deposition of sediments and organic matter that 
could provide a food source to fishes utilizing Dock D (Koch et al., 2009). 

Our findings support the claim that artificial structures have a strong effect on fish spatial 
distributions (Clynick, 2008). Fish are likely to be attracted to the marina since it provides a form of 
shelter, protection from predators and food source (Edgar, 1999; Mobley & Fleeger, 1999; Hixon & 
Beets, 1993). Other studies have suggested that fish biomass increases in the presence of artificial 
structures such as marinas (Bohnsack, 1989; Fabi et al., 2004). However, because only one day of 
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Figure 3. Pie chart representing percentages of Bugula spp., Codium spp., Ulva spp., Porifera spp., and 
other colonial species relative to the entire wet mass of colonial species sampled from the floating dock 
epibiota communities.  
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Figure 4. Wet masses of colonial species relative to individual dock, aspect, and position on the dock 
relative to distance from land.  
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Table 1. Data summary of dock surface area, estimated float surface area, and total colonial species wet mass collected from the scrape 
samples. From this data, an estimate of the total wet mass of colonial species supported by the floating docks as the marina was calculated. 
 

Dock Dock surface area 
(cm2) 

Float surface area 
(cm2) 

Total wet 
mass (g) 

B 8.85E+06 1.18E+07 289.30 

C 6.80E+06 9.04E+06 808.60 

D 3.11E+06 4.14E+06 93.11 

Other 2.42E+06 3.21E+06 N/A 

Total 2.12E+07 2.82E+07 1191.01 

Total n 21 
Surface area (cm2) /n 625 
Mean wet mass (g)/ cm2 9.07E‐02 
Estimate total wet mass (kg) 2.56E+03 

 
Table 2. Relative species abundance (denoted using percentages of total mass or count) and species distribution (denoted percent by 
presence) for each dock, aspect and position. Relative abundance of B. anisotoxa found on Dock B excludes a negligible mass in percent by 
mass calculation that is considered in distribution presence/absence percentages.  

Bugula spp.  Tunicata spp.  C. virginica  Balanus spp.  B. exustus  Ulva spp.  B. anisotoxa  Codium spp.  Shrimp  Crab 

  
% by 
mass 

% 
Pres. 

% by 
count  % Pres. 

% by 
count  % Pres. 

% by 
count  % Pres. 

% by 
count  % Pres. 

% by 
mass  % Pres. 

% by 
count  % Pres. 

% by 
mass  % Pres. 

% by 
count 

% 
Pres. 

% by 
count  % Pres. 

B  41%  29%  33%  30%  23%  32%  32%  29%  64%  32%  45%  33%  39%  33%  0%  0%  0%  0%  21%  21% 

C  45%  38%  42%  40%  38%  32%  34%  38%  26%  42%  37%  40%  51%  33%  100%  100%  96%  67%  49%  43% 

D  13%  38%  25%  30%  39%  37%  34%  33%  10%  26%  17%  27%  10%  33%  0%  0%  4%  33%  30%  36% 

E  49%  43%  50%  45%  48%  47%  38%  43%  56%  42%  50%  40%  10%  33%  0%  0%  0%  0%  42%  50% 

W  35%  38%  37%  40%  30%  37%  44%  38%  25%  37%  25%  40%  90%  67%  0%  0%  4%  33%  49%  36% 

N  16%  19%  14%  15%  22%  16%  18%  19%  20%  21%  24%  20%  0%  0%  100%  100%  96%  67%  9%  14% 

Inner  16%  29%  20%  30%  26%  32%  18%  19%  5%  26%  8%  20%  90%  67%  0%  0%  0%  0%  35%  29% 

Mid  31%  29%  33%  30%  28%  32%  26%  29%  49%  32%  36%  33%  10%  33%  0%  0%  0%  0%  19%  21% 

Outer  37%  24%  34%  25%  24%  21%  24%  29%  26%  21%  32%  27%  0%  0%  0%  0%  4%  33%  37%  36% 

End  16%  19%  14%  15%  22%  16%  33%  24%  20%  21%  24%  20%  0%  0%  100%  100%  96%  67%  9%  14% 
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Table 3. Variability of community structure with regard to scrape sample position by deviance 
from centroid. 
 
Group Factor F-value P-value 
   
Position 5.6483	 0.021

Dock 0.2099	 0.851

 	
 
Table 4. Pairwise comparisons between dock position for square-root transformed epibiota data.  

PAIRWISE COMPARISONS 

Groups P-value 
(end,mid) 0.89 

(end,inner) 0.036 

(end,outer) 0.014 

(mid,inner) 0.127 

(mid,outer) 0.045 
(inner,outer) 0.017 

 
 
 
Table 5. ANOVA table for Codium fragile mass relative to aspect and position. Both factors yield 
statistically significant p-values. 

Codium fragile Df F value Pr(>F) 

Aspect 2 5.514 0.0136 

Residuals 18 
 

Codium fragile Df F value Pr(>F) 

Position 3 3.472 0.0393 

Residuals 17 
 

Chapter 7: Synthesis 

Summary of Main Findings 
 

After analysis of the individual components of the marina basin, it is important to 
consider the environment as a whole. The two questions addressed in the investigative 
research were whether the docks had any impact and whether the marina as a whole had 
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an impact on the quality of the basin. We looked at both the physical and biological 
interactions within the marina.  

Data revealed there was extreme light attenuation within the basin that is highly 
variable and very loosely related to possible dock effect shading. This attenuation is 
better explained by the high levels of total suspended solids (TSS) that were found within 
the basin. The TSS measured 0.5 meters from the bottom within the basin were much 
higher than the limit set by NCDENR as well as higher than values from samples in New 
River collected by Paerl Lab. The TSS found at the surface were not as concentrated 
within the basin compared to outside the basin. High levels of TSS in the basin may be 
the result of frequent re-suspension of sediment from current movements. The sediment 
grain size analysis revealed very fine sediments that are the size of silts and clays within 
the boundaries of the basin (Chapter 4, Fig. 4). These smaller particles are more likely to 
be re-suspended through the proposed mechanism of currents thus increasing TSS levels 
near the bottom. These physical factors combine to create the low light and high 
suspended solid environment of the basin.  

Water quality data analysis showed that TSS values for surface samples were 
found to be consistently in the 20-40 mg/L range while bottom samples were regularly in 
the 60-80 mg/L range (Chapter 2, Fig. 3 and Chapter 3, Fig. 6).  TSS values appear to be 
lower during flood tide and higher during ebb tide for both the surface and bottom values 
which may be indicative of suspended sediments being brought in from Calico Creek 
during ebb tide.  Higher levels of chlorophyll-a and nutrients were also found during ebb 
tide. The channel currents during flood tide were shown by the physical group to be much 
faster than waters that leave the basin during ebb tide. These data suggest that slower 
moving water at ebb tide may be drawing on incoming waters from Calico Creek leading 
to relatively large concentrations of the above measured parameters. 

The levels of light attenuation at the bottom of the basin do not indicate a high 
enough light level to support phytoplankton growth, but the sampling has shown that 
there is a benthic mat present. This leads to the conclusion that the primary producers 
present in the microphytobenthic community are sufficiently resuspended by currents and 
boat traffic to allow them access to the light that penetrates the water column. Despite the 
high TSS levels and high light attenuation, the basin supports a microbenthic community 
that is equal to standards found in literature (Brito et Al. 2009, Light and Beardall 1998). 
These levels of light and fine sediments do not support macrophyte growth (Hizon-
Fradejas et al. 2010). Light and sediment restrictions structure the microphtytobenthic 
community. 

As stated before, there was no negative impact detected on the epibiota and fish 
from the presence of floating docks. The positive effects of increased surface area, 
settling, and possible shedding of organisms off the dock to the benthos are a 
phenomenon worth noting. The large floats underneath the dock provided large areas for 
epibiota settlement and contained a large amount of wet mass, approximately 2500 kg. 



	 79

This mass was described as being easily removed and susceptible to displacement by 
drag from strong currents or wake. The transport of organic mass from the floats to the 
benthos provides a mechanism for maintaining a high abundance of invertebrate species 
in the yacht basin. The organic matter from epibiota provided detritus and nutrients for 
the benthic community. Large stone crabs were observed to be hiding in the cinder blocks 
used to fix light sensors to the bottom of the basin. Also, a few unidentified species of 
shrimp, polychaete worm, and small crabs had settled on all available space of other 
equipment deployed in this experiment. The presence of these species and their rapid 
settlement in depths of light inhibition suggest that source water and nutrient rich, detritus 
rain from docks are providing valuable nutrient flux to these benthic invertebrates. 
Therefore, benthic invertebrate limitations may be related more to sediment type and lack 
of available substrate, not available food. 

As a whole, the marina basin ecosystem is not detectably impacted by the floating 
docks or the marina presence. Some positive impacts have come from increased hard 
substrate available for the fouling communities that would not have otherwise existed. 
Microbial activity was well below the level of health concern for NC based on EPA 
recreational water quality criteria. The nutrient levels and chlorophyll-a levels in the 
basin are normal and similar to healthy levels found in Pamlico Sound. These levels are 
also well below the state standard for water quality as established by the North Carolina 
Division of Water Quality. There was little nitrate detected within the basin and channel 
but comparably greater amounts of ammonia. These levels of ammonia compared to 
organic nitrogen is indicative of healthy biological activity and productivity. Benthic 
analysis revealed the presence of a microphytobenthic community equal to that found in 
other current literature (Brito et Al. 2009, Light and Beardall 1998). Fucoxanthin was 
present throughout the basin and channel illustrating diatom communities. Diatoms are a 
preferred food source for higher order consumers and are indicative of healthier, better 
mixed water columns. In conclusion, the investigative research of the physical and 
biological components of the marina basin has revealed that the marina has no detectable 
negative impact on the environment when compared to the other current literature and 
relevant data. 
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