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1. Introduction

This report summarizes the results of 12 years of monitoring and research on
the physical and ecological impacts of sand bypassed from Oregon Inlet to the
beach along Pea Island National Wildlife Refuge (PINWR) on the Outer Banks
of North Carolina (Figure 1). Our investigation is and continues to be focused
on the assumed linkage between changes in the physical attributes of the
PINWR beach sand and the distributions of several organisms that live most of

their lives in the wave runup zone (swash-zone) across the beach-face.

The objectives of the on-going monitoring program along PINWR are to
provide the U.S. Fish and Wildlife (FWS) with data on the changes that occur
annually in connection with the bypassing of sand from Oregon Inlet as well as
the cumulative impacts of the bypassed sand over the past 12 years. We have
focused on the crustacean, Emerita talpoida (mole crabs), and the mollusk, Donax
variabilis (coquina clams), as the primary indicator species for the overall
physical and ecological health of the PINWR beach. We also monitored
changes in the number and distribution of another crab common to the beach,
Ocypode quadrata, commonly called ghost crabs, swash-zone amphipods,
Parahaustorius longmerus, and a species of worm, Scolelepis squamata, that inhabit

the wave runup zone for much of the year.

The USACE sand bypassing program is based on the need to balance the
sediment budget of the PINWR beach to mitigate coastal erosion, and to
provide safe navigation through Oregon Inlet. These goals have led to

management conflicts.



Figure 1. The Outer Banks of North Carolina and Pea Island National
Wildlife Refuge (PINWR).

Erosion control has slowly evolved from dependence on “hard" engineering
structures, such as groins, sea walls, and breakwaters, to the more widely
accepted “soft" engineering approaches. However, even the seemingly
benign approaches, such as beach nourishment and inlet bypassing,
introduce fundamental questions concerning how alterations to the physical
environment impact biological processes. These questions are especially
acute within coastal areas under jurisdiction of the National Park Service
and the U.S. Fish and Wildlife Service, such as Bodie Island on the north
side of Oregon Inlet, and Pea Island on the south side (Figure 2).



Sand bypassing to PINWR has been carried out for over a decade under the
assumption that if the sand that is dredged from the navigation channel is
removed from the sand budget through offshore disposal, erosion
downdrift of the inlet will increase in proportion. This would lead to
unacceptably high beach erosion, increased storm surge and overwash, and
barrier island recession, contributing to a direct threat to the stability of the
Bonner Bridge and Highway NC 12, the only direct transportation links
between Hatteras Island and the mainland of North Carolina to the north.

2. Fish and Wildlife Questions Addressed in the Oregon Inlet/Pea Island
Monitoring Program.

The questions asked by the FWS include [1] Are there significant differences
in the characteristics of the PINWR beach sands versus the sands extracted
and bypassed from Oregon Inlet and the inlet ocean bar?; [2] if there are
differences, to what degree do they alter the overall ecological health of the
beach and swash-zone?; [3] if changes are occurring along PINWR in
connection with the bypassing, what are the rates of change? and, [4] are
there any opportunities to mitigate the impacts of dredging through changes
in the dredging operation, or scheduling the bypassing?

Fundamental to answering these questions is to consider the volume of sand
involved in the annual bypassing program versus the amount of sand
making up the PINWR subaerial beach. An estimate of the volume of sand
for the 6.5-mile-long Pea Island beach is 2.6 million yd?, based on 35,000 feet
along the coast X a beach width of 150 feet X an average thickness of 6 feet
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Figure 2. Aerial photograph of Oregon Inlet, Pea Island, and Bodie Island, 18

September 2001 (adapted from Corps of Engineers, Wilmington district photo
mosaic. :
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3. Ecology of Beaches.

In 1919, the husband and wife team of fisheries biologists, Will and Julia
Thompson (Thompson and Thompson, 1919), published a landmark study
on the spawning of grunion, a fish indigenous to the beaches of southern
California that utilizes the variation of the tides and waves to spawn in the
sands of the upper part of the swash-zone. In the introductory paragraph to
their paper, the Thompsons state:

...Those who gather this grunion know that it comes in
to spawn its eggs, but the marvelous story that lies
ready to discover, they know not a whit. The crowds of
bathers who follow in their footsteps on succeeding
days, little think that four inches below their feet is
unfolding one of the really remarkable stories in the

annals of natural history.

What the Thompsons were referring to is the unique coupling of the
spawning of the grunion with beach swash-zone processes. In researching
the grunion, the Thompsons carried out detailed measurements of the cycles
of erosion and accretion (termed cut and fill) that occur across the beach
during the diurnal, monthly, and annual tidal cycles as well as the

predictability of the southern California wave climate.

There is an equally fascinating natural history story to be found on and
within the beaches along the mid-Atlantic coast of the linkage of the

physical processes and the life cycles of two invertebrates that spend most of



their lives in the sand of the beach-face, the common mole crab, Emerita, and

the coquina clam, Donax (Figure 3). In many ways, these two organisms

Figure 3. Emerita and Donax (color drawings by K. Leigh Rodes, black and white image
by Danny Woodard, Sherpaguides.com, photo from HGTV.com).

have a more complicated relationship with the dynamics of the swash-zone.

Grunion only spawn on the beaches, which takes place in a matter of
minutes, whereas the filter feeders Emerita and Donax spend much of their
lifecycles continuously adjusting to the complicated interactions of the tides,
waves, storms, and beach conditions. These organisms have evolved over
millions of years by adapting to the conditions that produce the same kinds
of beaches that people find most desirable; when coquina clams and mole
crabs are abundant and healthy, it is almost certain that the physical and
ecological conditions of the beach will also be "healthy." They are filter
feeders, positioned at the base of the barrier island food chain; consequently,
these organisms can serve as excellent indicator species for estimating the
overall physical conditions of sandy beaches as well as deviations from the
natural state. Mole crabs and coquina do not thrive when the beach sands

they inhabit are too fine, too coarse, or polluted.



Mole crabs and coquina are macrobenthic infauna, meaning they are
animals large enough to be retained by a 1.0-mm-mesh sieve, and they live
either wholly or partly within the sediment substrate (Lalli and Parsons,
1993). Both have adapted to rapid physical changes in the swash-zone in
order to maintain their positions in the beach to optimize feeding efficiency.
To ensure survival, these small intertidal organisms that live much of the
year within the beach swash-zone must respond very rapidly to the changes
that sand bypassing introduces, or perish. Any changes to the beach which
impact coquina clams and mole crabs have ecological implications far

beyond the swash-zone.

Coquina

Coquina clams, also called bean clams, are bivalves in the Family
Donacidae; species within the genus Donax are the most dominant sandy
beach mollusks world-wide (Ansell, 1983). Sixty-four species have been
identified (Morrison, 1971); 80 percent are tropical and 5 percent extend into
cold temperate environments with at least one species found on every
continental coastline except for Antarctica (Ansell, 1983). They are
particularly characteristic of sandy beaches exposed to waves, and are
replaced by other genera on finer-grained sheltered beaches. Donax variabilis
has been reported as far north as Long Island, and southward to Florida.
They are also common along the Gulf Coast beaches of Texas, Alabama, and

Mississippi.



All species have a pelagic larval development phase. The timing of larval
recruitment is not well defined for North Carolina populations.
Recruitment patterns seem to vary at different locations and from year to
year, which may be attributable to variability in oceanographic conditions.
Along the Outer Banks, the periods of settlement on the beach occur in the
early spring. Reilly and Bellis (1983) also report seeing the first recruits of
the year in March on Bogue Banks, N.C. The life span of coquina after larval

settlement averages two years.

When secured in the sediment, coquina feed by pulling organic detritus,
phytoplankton, and zooplankton through the tentacle-lined aperture of their
inhalant siphon. The clams are facultative feeders, responding quickly to
disturbances and ceasing feeding during times of high wave energy (Ansell,
1981; Ansell and Trueman, 1973). Observations of extended siphons
protruding just above the sediment surface indicate that the coquina on the
Outer Banks feed during the final stages of the wave backwashes in the

swash-zone.

The cross-shore distribution of Donax varies in direct response to variations
in sand attributes and beach characteristics. On flatter beaches of Florida
and Texas, coquina are found in the lower swash and seasonally they are in
abundance subtidally (Mikkelsen, 1978; Shelton and Robertson, 1981). On
beaches of North Carolina, juveniles are found offshore year-round while
adult populations are found in greatest abundance in the mid and upper

swash (Diaz, 1982; Matta, 1977; Reilly and Bellis, 1983).



Since coquina are the main primary consumer in their community, they are
subject to predation by [1] other invertebrates, including Ocypode quadrata
(Ghost crabs), Callinectes sapidus (Blue crab), Ouvalipes ocellatus (Lady crab),
Neverita duplicata (moon snail), Sinum perspectivum (Baby’s ear), Oliva sayana
(Lettered olive); [2] fish, including Leiostomnus xanthurus (Spot), Pogonias
cromis (Drum), Archos argus probatocephalus (Sheepshead), Trachinotus
carolinus (Pompano); [3] several shore birds, such as Calidris alba
(sanderling), Pluvialis squatarola (Black-bellied plover), Arenaria interpres
(Ruddy turnstone), Catoptrophorus semipalmatus (Willet); and [4] racoons and
even to a limited extent by humans (Loesch, 1957; Mikkelsen, 1978; Nelson,
1986).

Emerita

Emerita are often referred to by several common names, including mole
crabs, sand crabs, sand fleas, sand fiddlers; however, they are, taxonomically
neither bugs nor crabs but rather crustacea in the subphylum anomura and
the Superfamily Hippoidea. There are at least ten known species and they
occur on sandy coasts exposed to wave action throughout the world.
Emerita talpoida is the dominant East Coast species with populations
occurring from New Jersey to Florida, and along Texas, Alabama, and
Mississippi beaches in the Gulf of Mexico (Lynch, 1994; Rakocinski et al.,
1993; Spring, 1981; Tam et al., 1996).

Females are not reproductively mature until the season following their
recruitment to the beach, and males mature within months of recruitment.

Mature females are larger than males, ranging in size from 14 mm (first
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year) to 25 mm (second year). Males are generally less than 12 mm in
length. Females live from 18 months to two years, slightly longer than

males, which appear to live at most 18 months.

There are two reproductive pulses, one beginning in the spring when the
largest sized over wintering females start carrying egg masses, and a second
beginning in July when both medium- and large-sized females demonstrate
fecundity (Diaz, 1980). Embryo development occurs in approximately
twenty days. After hatching, all species of Emerita experience planktonic
larval stages; they can have up to three clutches during the summer,

depending on the size of the animals at the start of the season.

Larvae produced from the spring egg clutch develop to metamorphosis in
approximately 30 days; those produced from later summer hatches require
45 days for development. Two recruitment pulses occur, one in late May
and the second in September. These recruitment pulses are relatively
distinct compared with that of coquina. Any beach restoration that
interrupts the fall recruitment could, therefore, have significant implications
through the following season. A diminished fall recruitment would leave

fewer females to produce eggs the following spring.

Emerita and Donax require moving water to feed; the mole crabs burrow into
wet sediment and securely position themselves in the swash, then feed by
filtering out organic detritus from backwashes on their extended antennae.
The antennae are wiped through the mouth parts to remove and ingest food
particles. The gut contents of Emerita have been found to contain diatoms,

radiolarians, foaminifera, single-celled plants, bivalve embryos, and one-



di

celled algae (Efford, 1966). The rate of antenna cleaning is positively
correlated with the rate of water velocity and there is a threshold below
which no cleaning occurs. There is no evidence that the animals ingest sand

grains, even when starved.

Like coquina, Emerita are important primary consumers in the sandy beach
community so they, too, have a long list of predators. They are a known
food source for [1] Ocypode quadrata (Ghost crabs), Callinectes sapidus (Blue
crab), Ovalipes ocellatus (Lady crab); [2] the fish, Leiostomnus xanthurus (Spot),
Pogonias cromis (Drum), Archos argus probatocephalus (Sheepshead),
Trachinotus carolinus (Pompano), Menticurrhus americanus (Kingfish), Menidia
Menidia (Atlantic silverside); and [3] birds including Calidris alba
(sanderling), Pluvialis squatarola (Black-bellied plover), Arenaria interpres
(Ruddy turnstone), Catoptrophorus semipalmatus (Willet), Sterna antilarum
(Least tern) and larus atricilla (laughing gull)(McDermott, 1983; Nelson,
1986).

Emerita and Donax "migrate" both along and across the beach, taking
advantage of the tides, waves, swash, and longshore currents. They do this
to optimize feeding opportunities and to avoid the changes in the swash-
zone energetics. During the spring and summer, they are found in the lower
portion of swash on the North Carolina coast (Bowman and Dolan, 1985;
Reilly and Bellis, 1983). It is assumed that Emerita talpoida migrate into the
intertidal swash-zone in the winter though no direct evidence supports this

claim (Matta, 1977; Saloman and Naughton, 1977; Spring, 1981). Evidence of
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longshore migration has been presented for both the east and west coast

species (Cubit, 1969; Diaz, 1980; Dillery and Knapp, 1970).

Loggerhead Sea Turtles

Loggerhead sea turtle is a threatened species, whose northernmost nesting
range is near PINWR. Because all turtle nesting is sensitive to beach sand
characteristics, changes associated with bypassing may contribute to

reductions in sea turtle nesting.

Though it is not clear why turtles select some nesting sites and not others,
potential nest sites must meet certain criteria. Among these are that the
nesting sand must have enough cohesion to allow nest construction, the
sand must allow gas diffusion, and the nest must maintain specific
temperatures (Miller, Limpus and Godfrey, 2003). Factors relating to
cohesion and permeability of the sand are directly influenced by dredge

disposal.

4. Characteristics of the Sands from Oregon Inlet and Pea Island.

The sediment forming the beaches and barrier islands of the Outer Banks of
North Carolina can be described in three size classes: the coarse fraction,
consisting of coarse sand and gravel (0.50 mm up to 2.0 mm), the medium-
size range with grain sizes ranging from 0.25 mm to 0.50 mm, and the fine

fraction, sand sizes below 0.25 mm (Table 1).
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Sediment class

2.000 mm >2.000 mm Gravel
1.180 mm 1.180-1.999 mm Very Coarse Sand
0.850 mm 0.850-1.179 mm
Coarse Sand
0.600 mm 0.600-0.849 mm
0.500 mm 0.501-0.599 mm
0.425 mm 0.425-0.499 mm
Medium Sand
0.355 mm 0.355-0.424 mm
0.300 mm 0.300-0.354 mm
0.250 mm 0.251-0.299 mm
0.212 mm 0.212-0.249 mm
Fine Sand
0.180 mm 0.180-0.211 mm
0.150 mm 0.150-0.179 mm
Fall through <0.149 mm Very Fine Sand

Table 1. Sand sizes found along PINWR.

Beach sampling over the past several decades shows that the distribution of
these size classes is just about even; that is, about one-third of the sand is
fine, one-third medium in size, and one-third coarse. When the sand is
mixed into an overall matrix, the average grain size is approximately 0.60
mm. The long-term mean sand size for the wave runup zone, based on 11

years of sampling of a five-mile reach of the beach of PINWR, is 0.57mm.
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The forces that mobilize and transport the sediment determine the specific
spatial and temporal distributions. The inshore of the beach and the wave
runup zones are locations of high energy where water motion can transport
and concentrate the coarse fraction. In contrast, because of the low density
of the atmosphere compared to water, the wind can only transport the fine
fraction, and then only when the velocity exceeds about 18 mph. The
difference (gradient) in the beaches on the barrier islands results in a
relatively consistent pattern of predictable sediment sizes. The lower part of
the wave runup zone (swash-zone) is where the coarsest sand and gravel
concentrations occur, together with a mix of medium sand and a smaller
amount of fine sand; medium to fine sand collects in the uppermost part of
the runup zone and the beach berm; and in locations dominated by winds,

deposits of well-sorted fine sand occur.

Although the sediment bypassed from the navigation channel and spit in
Oregon Inlet is, by definition, barrier island sand, there are significant
differences in the attributes of the material dredged from the inlet and the
natural distribution of beach sand along PINWR. These differences can be
traced to changes that occur in the hydraulic sorting as the inlet's tidal
currents begin to influence longshore currents approaching from the north.
The transport pathway at that point bifurcates near the inlet (Figure 2) with
one trend moving in a seaward direction, forming the ocean (ebb) bar, and
the other leading into the throat of the inlet, eventually becoming part of the
flood-tide delta. The ocean bar is a higher-energy component of the inlet
system, essentially an extension of the subaerial beach processes, and thus
leads to a concentration of the coarser sediment involved in the longshore

transport system. The less energetic tidal currents dominate the pathway
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into the interior of the inlet, and thus lead to concentrations of the finer

fraction of the sediment transported by longshore currents.

Most sediment dredged and bypassed to PINWR during the past 12 years
has been removed from the interior of Oregon Inlet and is, therefore,
significantly finer (0.25mm versus 0.60mm) than the normal beach-face
sediment. This difference, coupled with the fact that the finer sediment
from the interior of the inlet has a higher heavy mineral content, has led to
measurable differences in the physical attributes of the Pea Island beach
sands as well as to changes in the distribution and density of organisms

living on and within the beach.

5. Sand Compatibility: Oregon Inlet versus PINWR.

The definition of compatibility, with respect to beach nourishment and sand
bypassing, is "the degree to which sand from the external source matches
the size characteristics and mineral attributes of the indigenous sand of the

beach receiving the sand."

Most issues associated with beach sand compatibility are generally related
to the new sediment's fine fraction and mineralogy. As the volume
increases, compatibility problems are compounded. The differences in the
coarser fractions of the newly introduced sand are rarely an issue, but the
differences in the finer fractions can lead to a significant problem. In a fluid
system, coarse sand behaves in a manner quite similar to medium sand, so
with its introduction to a beach, physical changes are not so extreme. In

addition, sediment in the size range of 0.70mm and coarser is seldom found



16

in sufficient concentrations for beach nourishment use. The most significant
change in the behaviour of sediment in fluid systems, and the resulting
beach alterations, occurs when grain sizes approach 0.15mm and smaller. If
introduced to a natural beach system in significant volumes, fine-grained
sediment can lead to alterations in the beach configuration, including slope
changes and scarping (Figure 4). As the heavy mineral content increases,

the degree of beach alteration increases (compaction, etc).

Beach sand compatibility can be considered in terms of physical and
biological implications. Beach re-nourishment planners would, obviously,
prefer any "new sand" to be perfectly matched (compatible) with the native
sand, but ideal sand sources are seldom available. Coastal engineers
consider compatibility from the standpoint of the degree of sand retention
(efficiency); that is, what percentage of fine sand and silt is acceptable
without significantly altering the beach's physical conditions and without
excessive losses caused by high rates of hydraulic sorting by waves and
inshore currents? As a rule of thumb, up to 10 percent silt content is
acceptable for recreation beaches. This assumes that waves and currents
will winnow out the fine-grained sediment from the new beach material and
transport it offshore. It also assumes that 10 percent fine sediment content
will result in only minor changes in beach configuration, changes that can be

accepted as trade-offs when the goal is beach erosion mitigation.

Coastal ecologists find bypassed and nourishment sand with significant
amounts of fine sand and silt much less acceptable because of the
considerable negative impacts these sediment sizes have on the organisms

that inhabit the beach systems. Our review of the literature leaves little
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doubt that too much fine sand, silt, and/or heavy minerals in a beach
system (both in the wave runup zone and back beach areas) can be

detrimental to the indigenous beach fauna.

6. Ecological Impacts.

There is limited information on the ecological impacts of beach nourishment
and bypassing because the majority of the studies that are carried out are of
minimal scope, mostly based on contractual requirements. Sampling is
generally restricted, both temporally or spatially, making reliable statistical
analyses questionable. Most of the more comprehensive post-nourishment
and bypassing monitoring programs have been carried out in Florida, with a

few additional studies in California and the Carolinas.

Though site specific, when considered together, some useful information
can be extracted from these projects. All report an immediate reduction in
organism abundance following placement of sediment, in both the swash
region and in deeper water. In some cases the nourishment sites were
recolonized to nearly the same density as control regions within weeks to
months following placement (Gorzelany and Nelson, 1987; Hayden and
Dolan, 1974; Lynch, 1994; Parr et al, 1978). Monitoring of other
nourishment projects reported longer-term impacts. Oliver and Slattery
(1980) found significantly reduced faunal abundance 18 months after
nourishment in Monterey Bay, California. A follow-up study five years
post-nourishment at Panama City Beach, Florida, showed abundance of
Donax texasianus at 25 percent of their pre-nourishment levels (Cutler and

Mahadevan, 1982; Saloman, 1976). Rakocinski ef al. (1993) reported large
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reductions in abundance and species diversity at a number of their sample
stations at North Carolina, Reilly and Bellis (1983) showed delays Perdido
Key, Florida, over two years post-nourishment. At Fort Macon, in
recruitment and differences in population structure at the nourished site
the following season and a study in Elizabeth Bay, Namibia, showed
decreased species richness and abundance two years after nourishment
(McLachlan, 1996). All the sites showing longer-term impacts had
significant differences (lack of compatibility) in the dredged material
compared to the native beach sand. Whether the placement material was
finer than the native sand (Oliver and Slattery, 1976) or coarser (McLachlan,
1996; Rakocinski et al., 1993), effects appeared to be longer-term than when
the sediment sizes were similar (Gorzelany and Nelson, 1987; Lynch, 1994).
Gorzelany and Nelson pointed out that the season of the nourishment may
be an important factor in determining the extent of impact. They suggested
that the dominant bivalve specie s at the Melbourne Beach, Florida, site,
Donax variabilis and Donax parvula, were spared significant impact because

their populations were subtidal at the time of the nourishment.

7. Monitoring Sand Bypassing along PINWR.

The differences in the sediment size, sorting, and mineralogy, the timing
with respect to biological cycles, te he volume of sediment placed on the
beach, and the type of disposal (pipeline or hopper dredge) are all factors
that determine the level of impact due to bypassing on the swash fauna
along the PINWR beach. Since 1990 there have been 11 bypassing projects
(Table 2) and the 12t was completed in October 2003. Most of the dredged

sand has been extracted from the Oregon Inlet navigation channel, the ebb
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Figure 4. An example of sand with poor compatibility. The material on the
right was dredged from the inland bay. The content included little compatable
sand, and had a high silt, clay and shell content.

tide delta, and the fill area behind the groin (constructed at the end of Pea
Island in 1989). The sand has been pumped into the swash region, dumped
from a truck onto the backshore, and placed in the nearshore (5 m water
depth) using split-hulled hopper dredges. The placement or disposal areas
have been in the same longshore region, beginning approximately 1 mile
(1.5 km) south of Oregon Inlet and extending 3 miles (4.5 km) southward.

The monitoring program included collection of sediment samples at four
locations across the beach (Figure 5) in order to differentiate the bypassed
sand from the native sand and to compare changes in the beach
configuration, faunal densities of dominant swash organisms, and beach-
face predators. Transects across the beach were established in the area of

dredge disposal with spacing from 250 feet (80 m) to 1000 feet (320 m),
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depending on the volume bypassed, and in control regions north and south
of the newly bypassed sand for a total sample beach length of 5.5 miles (7 to
7.5 km). The total number of samples per sampling cycle ranged from 120 to

180 for each beach sampling cycle for the 12 years of monitoring.

Figure 5. Cross shore locations of beach sample sites. Each of these sites
were sampled at the 40 transect locations along PINWR an average of 5.3
times per year over the 12 year monitoring program.
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8. Data Analyses and Results.

The sand samples were washed, dried, and split into volumes suitable for
sieving and Rapid Visual Analysis (RVA) processing for size and sorting. In
addition, the heavy (dark) mineral contents in each sample were estimated
and the shell and gravel contents were measured. All of the measurements
taken in the field and the samples analyzed in the laboratory were
transferred onto Excel spreadsheets. All the files were compiled into one
summary spreadsheet and formatted in a consistent manner. These data
were then plotted to illustrate the trends in each of the parameters through
the 12-year time-series of monitoring. The database was then transferred to

the statistical computing software, SPSS.

A protocol was followed for the calculation of the yearly values for the
beach attributes and organisms monitored. As was previously mentioned,
there were five sample cycles through the years. Most cycles included 40
transects of data, and each transect included the four sampling locations
shown in Figure 5: the lower, middle, and upper swash, and base of the

dunes.

The first step in the statistical analysis included calculation of the means for
the 40 transects. That produced five means for the different dates sampled
during one year. Then, the means from those five dates was calculated to
produce a grand annual mean for each year for each parameter. Therefore,
each data point used for the plots that follow are based on a minimum of
200 individual sample means. Statistical analysis terms used to interpret the

PINWR monitoring data include the following:



The correlation coefficient (r) is also a measure of the
degree of association between variables of beach
attributes; it can be positive or negative. The larger the
absolute value (from a range of 1.0 to 0.0), the stronger

the evidence of a statistical relationship.

The coefficient of determination (r?) is a measure of the
proportion of the variance that one attribute or variable
explains relative to another. Stated another way, it is
the actual explained variance. If 12is 0.5 then 50% of the
variance is explained by the correlation. The r2 values
range from 0.0 for no variation explained to 1.0 for 100%

explained, or a perfect correlation.

Mean is the most commonly used measure of central
tendency of the data sets. The parameters for each
month are averaged into a single value, and these
values are averaged together to obtain the yearly
means. In addition, we average all the yearly means
together into a “grand mean.” Grand means can be
compared to other grand means to provide assistance in

understanding relative values.

We report sample size (n) as the number of monthly data

sets collected in a single year. For example, an N of four

22



may mean that data was collected in April, June,
August and September. Observations included for each
parameter in a given data set range from roughly 20 to
44.  Although we do not report the number of
observations directly, they are included indirectly

through lower standard error values.

Standard deviation is a measure of the observed
variability in the observations. For example, grain sizes
in the lower swash zone are highly variable, and this

results in a high standard deviation for this parameter.

The standard error (s.e.) is a measure of reliability of the
“mean,” and is a function of both the standard
deviation of the data set and the sample size. It
estimates how well the sampling mean estimates the
true population mean. As the standard error becomes
lower, the values represented become more reliable.
When the s.e. is high, there is less confidence of the
conclusions that are being considered by the statistical
data. The most "reliable" statistical results are reached
when the sample size is large, and the standard errors
for the data approach zero. Similarly, the standard
error of a regression line equals the standard deviation
of all the data points from the line (Figure 6). When the

s.e. is low, the error bars around each point are small.

23



> Reliability of the Regression
Equation

m Standard Error of Estimate

« In terms of separation of variation, the standard
error of estimate equals the square root of the
ratio of the unexplained variation (UV).

« It is important to know that S, is based on (n —
p —1) degrees of freedom, while S, is based on
(n— 1) degrees of freedom.

- If S, = Sy, the regression is not good

« If S, << Sy, the regression has improved the
prediction

Figure 6. Further discussion o f regression standard error (from
University of Maryland Department of Environmental
Engineering).
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Cross-shore Analysis
Decadal changes in Pea Island sediment

Sand Sizes

Mean sand size of the lower swash-zone. The sand size of the lower swash-

zone (Figure 7) on Pea Island has been consistently coarse over the past 12
years. The mean that was recorded in 1990 was 1.5mm, which we believe is
indicative of the pre-dredging beach conditions. In 2002 it was 0.9mm and
the variance was significant between the years. The range for the duration

of the monitoring was from 0.78mm to 1.5mm.

The data show there been no significant change in sand coarseness over
time at these locations. The regression analysis s.e. is 0.14, relatively high
and indicative of poorly sorted sand. Table 2 is a tabulation of the
statistical analysis of the lower swash-zone year through the 12-year study.
The mean for each year is the average of all the months of that year and

these are the data used for Figure 7.



Year N Minimum | Maximum | Mean
1990 1.45 1.50 1.48
1991 0.69 1.29 0.96
1992 11 0.69 1.29 0.94
1993 12 0.45 0.97 0.76
1994 8 0.64 2.28 1
1995 2 0.16 0.55 0.35
1996 6 0.46 1.93 1.01
1997 4 0.49 1.12 0.74
1998 4 0.55 1.1 0.84
1999 3 0.95 2.03 1.33
2000 4 0.7 1.26 1.06
2001 3 0.99 1.36 1.21
2002 2 0.77 1.02 0.89

Grand mean
Variance

Standard deviation
Standard error

26

0.97
0.08

028

0.08

Table 2. Descriptive statistics for the mean grain size of the lower swash-

Zone.



27
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Figure 7. Trend in mean grain size in lower swash zone from 1990-2002, Pea Island, NC
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Mean sand size of the mid swash-zone. The mean grain size of the mid swash-

zone has decreased over the 12 years of bypassing. Based on samples collected
in the monitoring program, the grain size has decreased from 1.2 mm in 1990 to
0.5 mm in 2002. Figure 8 illustrates the change in grain size through time for the
mid swash-zone of the entire study area. The s.e., represented by the error bars,
is +0.07 and the correlation r = 0.60 (r2 = 0.35). The annual means for each year,

displayed in Table 3, are the attributes for Figure 8.

Year N Minimum | Maximum | Mean
1990 2 1.1 1.22 1.16
1991 8 0.44 1.03 0.64
1992 11 0.48 1.02 0.64 Grand Mean 0.57
5 1993 12 0.33 0.64 0.48 Variance 0.04
1994 8 0.33 0.97 0.57 Standard deviation 0.19
1995 2 0.35 0.73 0.54 Standard error 0.05
1996 6 0.33 0.79 0.53
1997 4 0.3 0.55 0.4
o 1998 4 0.32 0.53 0.41
1999 3 0.38 0.52 0.45
2000 4 0.39 0.67 0.52
2001 3 0.41 0.62 0.5
2002 2 0.38 0.72 0.55

Table 3. Descriptive statistics for the mean grain size of the mid swash zone,
Pea Island, NC.
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Mean sand size of the upper swash-zone. The sand size of the upper swash-

zone along PINWR over the 12-year monitoring has decreased from 0.90mm in
1990 to 0.30mm in 2002. The s.e. = 0.05 and the r2 = 0.46. Little change has
occurred over the past three years (2000-2002), indicating that 0.30mm is
probably approaching the post-dredging equilibrium sand size. . Table 5
provides the statistics for the upper swash-zone mean grain size by year through
the 12-year sampling period, respectively. The annual means for each year,

displayed in Table 4, are the attributes for Figure 9.

Year N Minimum | Maximum | Mean

1990 2 0.86 0.92 0.89

1991 8 0.35 0.69 0.44

1992 11 0.33 0.67 0.48

1993 12 0.28 0.43 0.35 Grand Mean 0.4
1994 8 0.33 0.67 0.43 Variance 0.02
1995 2 0.28 0.48 0.38 Standard Deviation 0.16
1996 6 0.25 0.38 0.32 Standard Error 0.04
1997 4 0.26 0.35 0.31

1998 4 0.25 0.35 0.3

1999 3 0.3 0.35 0.32

2000 4 0.28 0.37 0.32

2001 3 0.29 0.41 0.35

2002 2 0.25 0.37 0.31

Table 4. Descriptive statistics for the mean grain size of the upper swash-zone.
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Mean sand size of the upper beach. The sand size at the base of the dune was 0.3mm

in 1990 and 0.4mm in 2002; however, the trend in the plotted data shows a slight
decrease through time. The r2 = 0.10 and the s. e. = +0.026. Table 6 contains the
statistical analysis of the base of the dune mean grain size by year through the 12-year

sampling period, respectively. The annual means for each year are displayed in Table

2
Year N Minimum | Maximum | Mean
1990 2 0.27 0.34 0.3
1991 8 0.28 0.45 0.35
| ] 1992 il 0.3 0.52 0.37
1993 12 0.26 0.39 0.33 Grand Mean 0.3
1994 8 0.27 0.4 0.31 Variance 0
1995 2 0.25 0.32 0.29 Standard Deviation 0.05
1996 6 0.2 0.44 0.31 Standard Error 0.01
ks 1997 4 0.24 0.26 0.25
1998 4 0.2 0.25 0.23
- 1999 3 0.23 0.25 0.24
2000 4 0.23 0.28 0.26
2001 3 0.23 0.4 0.29
2002 2 0.31 0.46 0.39

— Table 5. Descriptive statistics for the mean grain size of upper beach.
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Heavy Mineral Content

Heavy mineral content of the lower swash-zone. The heavy (dark) mineral
content of the sand along PINWR has ranged from 2.5 % to 6.9% at the lower
swash location. The lower swash-zone is an area of high turbulence and shear
stress due to collapsing waves and rapid winnowing (hydraulic sorting) of the
finer size-fractions of the sand. It is, therefore, not surprising that the ﬁne sand
and heavy minerals (that are always small in grain size) do not collect in the

lower swash locations.

In 1992, the heavy mineral content of the lower swash-zone of the beach was
5.7%; in 2001 it was 4.8 %. The s. e. = 0.10 and the r2 = 0.08, both are statistically
insignificant at the .95 level. Figure 11 illustrates the trend of heavy mineral
abundance through time for the lower swash-zone and Table 6 contains the
statistical analysis of the heavy mineral analyses for the lower swash-zone

abundance data through the 12-year sampling period.

Year N Minimum | Maximum | Mean

1992 5 4.34 7.96 DAL

1993 12 3.87 7.24 5.45

1994 7 2.46 8.83 6.86

1997 2 5.31 8.5 6.91 Grand Mean 5.39
1998 3 3.88 10.5 6.46 Variance 2.35
1999 3 2.71 3.65 3.58 Standard Deviation 1.53
2000 4 4.86 8.92 6.33 Standard Error 0.51
2001 3 4.7 48 4.75

2002 3 S 2.8 2.47

Table 6. Descriptive statistics for the heavy mineral abundance of the lower
swash-zone, Pea Island, NC.
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Heavy mineral content of the mid swash-zone sand. The heavy mineral content

of the sand in the mid swash-zone was 5.56 % in 1992 versus 7.31 % in 2001,

with the s. e. of +1.3 and 12 of 0.50. Figure 12 illustrates the trend of heavy

mineral abundance through time, and Table 7 tabulates the statistics of the

heavy mineral abundance for the mid swash-zone through the 12-year sampling

period.
Year N Minimum | Maximum | Mean
1992 5 2.61 8.6 5.56
1993 12 2.77 7.81 5.36
1994 7 2.24 9.99 2.24
1997 2 6.75 9.13 7.94
1998 3 6.08 12.25 9.31
1999 3 5.65 717 6.43
2000 4 7.83 15.65 11.09
2001 3 6.22 6.9 7.31
2002 2 24 3.1 2.67

Grand Mean 6.43
Variance 8.33
Standard Deviation 2.89
Standard Error 0.96

Table 7. Descriptive statistics for the heavy mineral abundance of the mid

swash-zone, Pea Island, NC.
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Mineral Abundance (%)
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Figure 12. Mineral abundance in mid swash zone from 1992-2001, Pea Island, NC
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Heavy mineral content of the upper swash-zone sand. The heavy mineral

abundance in the upper swash-zone in 1992 was 5.6 % and in 2001 it was 7.3%,
with the s. e. of +1.89 and r2 of .65. Figure 13 illustrates the trend of change
through time for the upper swash-zone and Table 8 contains the statistical

analysis through the 12-year sampling period.

Year N Minimum | Maximum | Mean

1992 5 2.61 8.6 5.56

1993 12 2.77 7.81 5.36

1994 7 2.24 9.99 2.24

1997 2 6.75 9.13 7.94 Grand Mean 6.43
1998 3 6.08 12.25 9.31 Variance 8.33
1999 3 5.65 717 6.43 Standard Deviation 2.89
2000 4 7.83 15.65 11.09 Standard Error 0.96
2001 3 6.22 6.9 7.31

2002 2 24 3.1 2.67

Table 8. Descriptive statistics for the heavy mineral abundance of the upper
swash-zone, Pea Island, 1992-2002.
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Figure 13. Heavy mineral abundance in upper swash zone from 1992-2001, Pea Island, NC
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Heavy mineral content of the upper beach (base of dunes) sand. The heavy

mineral content of the sand in the upper beach locations was 13.0 % in 1992

versus 15.40 % in 2001. The s. e. = +3.3 and the r2= 0.14 (see Figure 14). Table 9

Year Minimum | Maximum | Mean
1992 5 9.29 14.89 12.99
N 1993 12 9.16 27.59 18.41
1994 8 3.59 39.67 16.33
s 1997 2 9.19 18.94 14.07
1998 3 16.88 27.94 23.54
1999 3 15.58 18.3 17.02
2000 4 15.01 30.53 21.79
2001 3 12.2 18.9 15.55
2002 2 14.1 16.8 15.4

contains the statistics for the trends through the 12-year sampling period.

Grand Mean 17.23
Variance 12.14
Standard Deviation 3.48
Standard Error 1.16

. Table 9. Descriptive statistics for the heavy mineral abundance at
the upper beach, Pea Island, NC.
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Decadal Changes in Beach-Face Organisms
Emerita

The number of Emerita found in the Pea Island swash-zone samples in 1990
(Figure 15) is indicative of their density (per unit volume of beach sand) prior to
the large-scale sand bypassing to PINWR. In 1990, the average count per filter
of the 4" PVC pipe sand core was 17; in 2002 the average count was 3 with an r2
value of 0.52 (s. e. is +3.25), for the relationship of time versus the reduction in
numbers (Figure 15). This correlation would actually increase significantly if the
data for 1994, a year when no dredging was carried out, was removed from the
time-series. There was a rebound in the population in 1994 which altered the
trend downward; however, the 1994 data point provides an illustration of the
effects of sand bypassing on Emerita and the reaction to years when dredging

does not occur.

Table 10 contains the statistical analysis for the trend in the number of Emerita
per unit volume of sand for the 12 years of the study. The standard error, a
measure of the degree the yearly values deviate from the mean, is very high for
Emerita and though this is not conclusive evidence of a decrease in the
population, it does support the observation that the means from year to year for
each month are not numerically close. This, along with the r2, provides evidence

that the trend in a decrease in Emerita through time is statistically significant.



Year N Minimum | Maximum | Mean
1990 10 24 ] 7
1991 5 45 21
1992 1 1 34 13
1993 12 1 11 5
1994 8 0 84 20
1995 2 1 2
1996 6 1 3
1997 4 1 19 7
1998 4 1 5 4
1999 3 5 10 F 4
2000 “ 1 3
2001 3 1 3
2002 2 0 3

43

Grand Mean 8

Variance 48.5
Standard Deviation 6.96
Standard Error 1.93

Table 10. Descriptive statistics for counts of Emerita taken along Pea Island.
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Figure 15. Mole crab (Emerita ) abundance per core, Pea Island, NC
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Donax

The mean count for 1993 is the best indicator of the Donax (coquina clams)
density prior to bypassing (Figure 16). The average count per sand core was 2.0
coquina in 1993. In 2002 the average count was 2.64. The r2 value of 0.02, with a
s. e. of +1.3, indicates that there is not a declining trend, or any trend, in the
population of this organism; however, the coquina clams do display a distinct
correlation between and increase in numbers during the years of hopper
dredging, and a significant decrease during years of pipeline dredging. Table 11
summarizes the statistical analysis for the trend in Donax density per unit

volume of sand for the 12 years of the study.

Year N Minimum | Maximum | Mean

1993 12 1 3 2

1994 8 0 3 1

1995 2 0 1 1

1996 6 2 27 9 Grand Mean 5
1897 . 2 11 8 Variance 25.81
1998 4 1 18 8 Standard Deviation 5.08
1999 3 3 43 16 Standard Error 1.61
2000 = 0 3 1

2001 3 0 3 1

2002 2 0 8 3

Table 11. Descriptive statistics for Donax counts taken along Pea Island.



46

Count average per sand core

Figure 16. Coquina clam (Donax) abundance per core, Pea Island, NC
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Ghost crabs

Ghost crab counts were taken along the benchmarked transects beginning in
December 1993. The 1993 collection year reflects only one count, taken when
ghost crabs are not normally abundant. The mean count from 1994 (n = 8) is a
better early indicator of the ghost crab density per surface area of beach sand
prior to major bypassing in the nearshore or onshore areas of PINWR (Figure
17). In 1994, there were on average of 4 organisms per square meter of the beach
surface; this value was 0.20 in 2002. Table 12 contains the statistical data for the

trend in ghost crab numbers.

Ghost crabs are not cold weather organisms. Therefore, during years with a
higher proportion of winter samples due to unpredictable changes in dredging,
the yearly means may be skewed because there are fewer crabs active during the
late fall and winter. To minimize any seasonal effects we separated the data into
three subsets: beginning, peak, and end of the season based on water
temperature data and monthly variation in the population. These analyses also
show a strong decline through time, with the correlation of 0.95. In the peak
season, the ghost crab population consists of an adult recruitment period during
July or August. There was no sampling in the months of April and May in 1993,
1995, 1996, 1999, and 2002.

The large rebound in the population of ghost crabs in 2000 during the peak
season is puzzling. The early season data do not exhibit the same trend.
Sampling and/or transcription error is possible, but the rebound could be a

time-delayed reaction to the abundance of coquina in 1999, as they are a major
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food source for the ghost crab. Were the 2000 outlier excluded, a stronger

declining trend would be visible.

Year N Minimum | Maximum | Mean
1993 1

. 1994 8 2 6 4
1995 2 0 3 2
1996 6 1 3 2 Grand Mean 2
1997 4 2 4 3 Variance 1.69
1998 4 1 4 3 Standard Deviation 1.31
1999 3 0 5 2 Standard Error 0.43
2000 4 0 14 4
2001 3 1 1 1
2002 2 0 0 0

Table 12. Descriptive statistics for Ocypode counts taken from 1993-2002 along
Pea Island, NC.
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Heavy mineral content of the upper swash-zone sand. The heavy mineral

abundance in the upper swash-zone in 1992 was 5.6 % and in 2001 it was 7.3%,
with the s. e. of +1.89 and r2 of .65. Figure 13 illustrates the trend of change
through time for the upper swash-zone and Table 8 contains the statistical

analysis through the 12-year sampling period.

Year N Minimum | Maximum | Mean

1992 5 2.61 8.6 5.56

1993 12 2.77 7.81 5.36

1994 7 2.24 9.99 2.24

1997 2 6.75 9.13 7.94 Grand Mean 6.43
1998 3 6.08 12.25 9.31 Variance 8.33
1999 3 5.65 717 6.43 Standard Deviation 2.89
2000 4 7.83 15.65 11.09 Standard Error 0.96
2001 3 6.22 6.9 7.31

2002 2 24 3.1 2.67

Table 8. Descriptive statistics for the heavy mineral abundance of the upper
swash-zone, Pea Island, 1992-2002.



39

Mineral Abundance (%)

Volume of sand deposited (y°)

Figure 13. Heavy mineral abundance in upper swash zone from 1992-2001, Pea Island, NC
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Heavy mineral content of the upper beach (base of dunes) sand. The heavy

mineral content of the sand in the upper beach locations was 13.0 % in 1992

versus 15.40 % in 2001. The s. e. = +3.3 and the r2= 0.14 (see Figure 14). Table 9

Year Minimum | Maximum | Mean
1992 5 9.29 14.89 12.99
N 1993 12 9.16 27.59 18.41
1994 8 3.59 39.67 16.33
s 1997 2 9.19 18.94 14.07
1998 3 16.88 27.94 23.54
1999 3 15.58 18.3 17.02
2000 4 15.01 30.53 21.79
2001 3 12.2 18.9 15.55
2002 2 14.1 16.8 15.4

contains the statistics for the trends through the 12-year sampling period.

Grand Mean 17.23
Variance 12.14
Standard Deviation 3.48
Standard Error 1.16

. Table 9. Descriptive statistics for the heavy mineral abundance at
the upper beach, Pea Island, NC.
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Decadal Changes in Beach-Face Organisms
Emerita

The number of Emerita found in the Pea Island swash-zone samples in 1990
(Figure 15) is indicative of their density (per unit volume of beach sand) prior to
the large-scale sand bypassing to PINWR. In 1990, the average count per filter
of the 4" PVC pipe sand core was 17; in 2002 the average count was 3 with an r2
value of 0.52 (s. e. is +3.25), for the relationship of time versus the reduction in
numbers (Figure 15). This correlation would actually increase significantly if the
data for 1994, a year when no dredging was carried out, was removed from the
time-series. There was a rebound in the population in 1994 which altered the
trend downward; however, the 1994 data point provides an illustration of the
effects of sand bypassing on Emerita and the reaction to years when dredging

does not occur.

Table 10 contains the statistical analysis for the trend in the number of Emerita
per unit volume of sand for the 12 years of the study. The standard error, a
measure of the degree the yearly values deviate from the mean, is very high for
Emerita and though this is not conclusive evidence of a decrease in the
population, it does support the observation that the means from year to year for
each month are not numerically close. This, along with the r2, provides evidence

that the trend in a decrease in Emerita through time is statistically significant.



Year N Minimum | Maximum | Mean
1990 10 24 ] 7
1991 5 45 21
1992 1 1 34 13
1993 12 1 11 5
1994 8 0 84 20
1995 2 1 2
1996 6 1 3
1997 4 1 19 7
1998 4 1 5 4
1999 3 5 10 F 4
2000 “ 1 3
2001 3 1 3
2002 2 0 3

43

Grand Mean 8

Variance 48.5
Standard Deviation 6.96
Standard Error 1.93

Table 10. Descriptive statistics for counts of Emerita taken along Pea Island.
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Figure 15. Mole crab (Emerita ) abundance per core, Pea Island, NC
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Donax

The mean count for 1993 is the best indicator of the Donax (coquina clams)
density prior to bypassing (Figure 16). The average count per sand core was 2.0
coquina in 1993. In 2002 the average count was 2.64. The r2 value of 0.02, with a
s. e. of +1.3, indicates that there is not a declining trend, or any trend, in the
population of this organism; however, the coquina clams do display a distinct
correlation between and increase in numbers during the years of hopper
dredging, and a significant decrease during years of pipeline dredging. Table 11
summarizes the statistical analysis for the trend in Donax density per unit

volume of sand for the 12 years of the study.

Year N Minimum | Maximum | Mean

1993 12 1 3 2

1994 8 0 3 1

1995 2 0 1 1

1996 6 2 27 9 Grand Mean 5
1897 . 2 11 8 Variance 25.81
1998 4 1 18 8 Standard Deviation 5.08
1999 3 3 43 16 Standard Error 1.61
2000 = 0 3 1

2001 3 0 3 1

2002 2 0 8 3

Table 11. Descriptive statistics for Donax counts taken along Pea Island.
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Count average per sand core

Figure 16. Coquina clam (Donax) abundance per core, Pea Island, NC
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Ghost crabs

Ghost crab counts were taken along the benchmarked transects beginning in
December 1993. The 1993 collection year reflects only one count, taken when
ghost crabs are not normally abundant. The mean count from 1994 (n = 8) is a
better early indicator of the ghost crab density per surface area of beach sand
prior to major bypassing in the nearshore or onshore areas of PINWR (Figure
17). In 1994, there were on average of 4 organisms per square meter of the beach
surface; this value was 0.20 in 2002. Table 12 contains the statistical data for the

trend in ghost crab numbers.

Ghost crabs are not cold weather organisms. Therefore, during years with a
higher proportion of winter samples due to unpredictable changes in dredging,
the yearly means may be skewed because there are fewer crabs active during the
late fall and winter. To minimize any seasonal effects we separated the data into
three subsets: beginning, peak, and end of the season based on water
temperature data and monthly variation in the population. These analyses also
show a strong decline through time, with the correlation of 0.95. In the peak
season, the ghost crab population consists of an adult recruitment period during
July or August. There was no sampling in the months of April and May in 1993,
1995, 1996, 1999, and 2002.

The large rebound in the population of ghost crabs in 2000 during the peak
season is puzzling. The early season data do not exhibit the same trend.
Sampling and/or transcription error is possible, but the rebound could be a

time-delayed reaction to the abundance of coquina in 1999, as they are a major
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food source for the ghost crab. Were the 2000 outlier excluded, a stronger

declining trend would be visible.

Year N Minimum | Maximum | Mean
1993 1

. 1994 8 2 6 4
1995 2 0 3 2
1996 6 1 3 2 Grand Mean 2
1997 4 2 4 3 Variance 1.69
1998 4 1 4 3 Standard Deviation 1.31
1999 3 0 5 2 Standard Error 0.43
2000 4 0 14 4
2001 3 1 1 1
2002 2 0 0 0

Table 12. Descriptive statistics for Ocypode counts taken from 1993-2002 along
Pea Island, NC.
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Alongshore Analysis

The cross-shore analysis focused on the overall changes on Pea Island at the
four sampling locations for the 12-year study period (Figure 5). We also
analyzed the data for along-the-coast differences separating the transects

into Control Area A, Dredge Impact Area, and Control Area B (Figure 19) .

Pea Island dredge disposal areas
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Figure 19. Disposal areas south of the Oregon Inlet terminal groin. Control area A
extends from miles 0.5 to 1.1, the impact area from miles 1.2 to 2.5 and control area B
begins at mile 2.6 and ends at mile 7.4
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to determine if the changes in the variables monitored were a result of the
impact of sand bypassing, or if the changes were simply the result of a
natural cycle of variation or other environmental changes. These data are
discussed in Section 9 of the report. The width of each area along PINWR
was determined by plotting the locations of the USACE dredge disposal
sites on the island. Figure 19 also shows USACE dredge disposal sites
during the 12 years of bypassing. The reference used for the mile markers is
the distance from Oregon Inlet. The dredged material for all 12 years was
placed in disposal sites either inshore or onshore along a 3-mile (5km) reach
of PINWR. The mean distances and standard deviations were calculated to
determine where most of the bypassed sand was placed. From these
calculations, we determined that the majority of bypassed material was
placed between miles 1.2 and 2.5 (2km to 4km), which we identified as the
Impact Area (or the dredge disposal area). Control Area A extended from
0.5 to 1.1 and Control Area B from 2.6 to 7.4.



Year/Month Dredge type mzmt :f’?get Volum{eygf o

1990

Apr - May pipeline onshore 0.9-1.5 282,600
o Sept - Nov pipeline onshore 0.7-1.6 184,300
1992| Aug - Sept pipeline onshore 0.9-1.8 1,000,000
1993| Apr - May pipeline onshore 09-1.4 433,223
1994 No dredging in Oregon Inlet
1995 Nov pipeline onshore 0.8-11 65,000
1996 Aug hopper nearshore | 1.1-1.9 68,000
1997 Aug hopper nearshore | 0.9-1.8 285,000
1998 Sept hopper nearshore | 1.0-2.5 265,000
1999 Sept hopper nearshore | 1.5-3.0 265,000
2000 Aug hopper nearshore | 1.0-2.5 235,000
2001 Aug pipeline onshore 1.5-3.0 450,000
2002| Aug - Sept hopper nearshore | 2.0-3.0 180,000

pipeline onshore 2.0-3.5 650,000
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Table 14. Volumes and locations of dredging in Oregon Inlet from 1991 to

2002.

9. Summary, Discussion, and Conclusions

During the past 12 years of bypassing sand from Oregon Inlet to PINWR, there
has been a significant decrease in the sand size in the swash-zone of the beach,
from 1.16mm in 1990 to 0.55mm in 2002. We are convinced that this is due to
the introduction of finer sand that is dredged out of the inlet and placed on

PINWR.
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The swash-zone of the beach, where the majority of the dredged sand is placed,
is the zone where Emerita and Donax spend most of their lives. The finer well-
sorted sand with a higher heavy mineral content increases the density of the
sand and increases compaction. These changes increase the energy required by
the Emerita and Donax to burrow into and out of the sand substrate. When the
heavy mineral fraction of the sand reaches approximately 10 percent and higher,
significant changes occur in the color and heat absorbing and storage qualities of
the sand, and the configuration of the beach. Any significant change in the size,
mineralogy, compaction of the sand, or configuration (slope) of the beach will
have direct and measurable impacts on the ecology of the swash-zone and

upper beach areas.

The r2 of 0.35 for the correlation between changes in sand size through time (i.e.
dredging) supports the casual observation while on the beach that there has
been a "fining" of the sand in the swash-zone. As we have noted earlier, the
trend downward in sand size has decreased during the last 5 years, suggesting
that it now more closely matches the size of the dredged material than the
original native beach sand. In the upper beach (near the upper range of the
wave runup), the bypassed sand appears to be responsible for an even greater

decrease in the sand size.

Oregon Inlet sand bypassed by Hopper dredging, with disposal in water depths
of 15 feet and deeper, is hydraulically sorted during transport onshore. The
finer fraction (0.15mm to 0.30 mm) is driven onshore during storms when waves
are in excess of 5 feet high (1.5m). The coarse fraction of the hopper-dredged
sand can only be mobilized by considerably larger waves (we estimate in the

range of 7 to 10 feet). For hopper dredging, the mean grain size in the area of
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sand disposal was 0.47 mm, whereas during the years of pipeline dredge
disposal it was 0.64 mm. This supports the conclusion that hopper dredging
will produce a greater degree of sediment fining in the middle swash-zone,
although the volumes bypassed in this manner are lower. The end result of all
dredging is an increased abundance of fine-grained sediments in the middle

swash-zone.

The mean grain size of the upper swash-zone has also decreased during the 12
years of monitoring, from 0.89mm in 1990 to 0.31mm in 2002. Like the mid
swash-zone, the upper swash-zone has experienced little change in size during

the past 3 years.

For the upper beach near the base of the barrier dunes (and overwash flats
where dunes have eroded), there have been several cycles of sand size increases
and decreases depending on the type of dredging, but overall the size has been
within the 0.20mm to 0.30mm range. Both pipeline and hopper dredging
contribute fine-grained sand to the beach-face. During the years of pipeline
dredging, the mean grain size in the upper beach locations was 0.33 mm; during
the years of hopper dredging, it was 0.25 mm. The combination of the two types
of dredging, along with aeolian sorting, produce a mean grain size that, through

time, is similar to that of the native sand at the base of the dune.

Systematic sampling for heavy mineral abundance was added to the monitoring
in 1992. Because the large-scale dredging and bypassing began in 1990, the
values from these data are not exactly indicative of the pre-dredge conditions.
However, previous samplings of Pea Island suggest a natural-state heavy

mineral content between 1.5% and 6%. In 1992, the heavy mineral content for
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the lower swash-zone was approximately 5.7%. This is the earliest value for this

attribute.

The heavy mineral content of the mid and upper swash-zone sand has increased
over the last 10 years. The r2 values of 0.48 and 0.65 for the relationship between
time and changes in the mineral content support the conclusion that there has

been an increase in the heavy minerals since 1992.

Pipeline dredging extracts sand from the Bodie Island spit and the navigation
channel in Oregon Inlet, which has a higher heavy mineral content than the
PINWR beach. Hopper dredging bypasses sand mostly from the ocean bar to
the nearshore area of PINWR where hydrologic sorting of the smaller sand
grains occur (which includes the heavy minerals). The average heavy mineral
abundance during the years of pipeline dredging was 6.1% versus 8.7% during

the years of hopper dredging.

The heavy mineral content of the sand in the upper beach area, or at the base of
the dunes, along Pea Island has also increased over the last 10 years. In 1992 it
was 13% and in 2001 it was 15.4%. This is the highest concentration of heavy
minerals found in our sampling along the PINWR beach. The increase is

occurring in the nesting areas for ghost crabs, turtles, and some shore birds.

The Emerita population along PINWR has declined significantly over the past 12
years, from 17 mole crabs per unit volume of beach sand in 1990 to 3 per unit
volume in 2002. The r2 value for the trend in decreasing numbers of Emerita is

0.52 through the 12-year period of bypassing.
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Pipeline dredging leads to burial of Emerita, whereas hopper dredging decreases
the grain size of the beach, making burrowing more difficult for the mole crabs,
and in both cases the dredging has increased the heavy mineral content of the
beach sands. The negative effects of sand bypassing are the most logical

explanation for the decline in Emerita population.

The years of hopper dredging show several cycles of an increase and decrease in
Emerita numbers, whereas for the years of pipeline dredging there is a consistent
decline, leading to the obvious conclusion that there are biological effects with
pipeline dredging and onshore disposal. As primary predators of coquina and
Emerita, the population of the ghost crab could influence shifts in their numbers
which in turn could influence the abundance of ghost crabs; however, the
PINWR monitoring data indicate that overall, there has been a declining trend
in the population of ghost crabs, and that the cycles of increased and decreased
numbers are correlated with dredge type. The ghost crab appears to be resistant
to the changes in the substrate caused by hopper dredging, but are negatively
affected by pipeline dredging (essentially complete burial). The average count
per sand core was 0.8 during the years of pipeline dredging and 2.7 during the
years of hopper dredging. There are two "outliers" in the data set on ghost crabs
(Figure 17). One occurs in 1994, when dredging was not carried out, and the
other in 2000. Were these removed from the regression analysis, a stronger
trend of decline of ghost crab numbers per unit of surface area of beach sand

would be evident.

The existence of the outliers suggests that processes other than simply the type
of dredging could influence the ghost crab numbers. Ghost crabs are aggressive

predators, and the coquina clam is a key prey. The statistics for these



