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ABSTRACT 

 

EMERITA TALPOIDA AND DONAX VARIABILIS DISTRIBUTION THROUGHOUT 

CRESCENTIC FORMATIONS; PEA ISLAND NATIONAL WILDLIFE REFUGE 

 

A thesis submitted in partial fulfillment of the requirements for the degree 

 

MASTER OF SCIENCE 

 

in 

 

ENVIRONMENTAL STUDIES 

 

by 

 

BLAIK PULLEY 

 

JULY 2008 

 

at 

 

 

THE GRADUATE SCHOOL OF THE COLLEGE OF CHARLESTON 

 

 
 Pea Island National Wildlife Refuge is a 13-mile stretch of shoreline located on the Outer Banks 

of North Carolina, 40 miles north of Cape Hatteras and directly south of Oregon Inlet.  This Federal 

Navigation Channel is periodically dredged and sand is placed on the north end of the Pea Island beach.  

While the sediment nourishes the beach in a particularly sand-starved environment, it also alters the 

physical and ecological conditions.  Most affected are invertebrates living in the swash, the most dominant 

being the mole crab (Emerita talpoida) and the coquina clam (Donax variabilis).  These two species serve 

as a major food source for shorebirds on the island.  It is especially important to protect this food resource 

on the federal Wildlife Refuge, which operates under a mandate to protect resources for migratory birds.    

For this research, beach cusps of various sizes were sampled to determine whether there is a 

correlation between invertebrate populations and the physical characteristics associated with these 

crescentic features.  In small cusps (<50m), where the expected physical parameters for cusps were seen, a 

relationship between invertebrate abundance and cusp location did exist.  For larger cusps, the expected 

physical parameters were not met, and a significant macrofaunal relationship was not always found.  The 

results support the theory that a beach nourishment design using “disposal nodes” that incorporate and 

mimic natural crescentic features would be an ecologically appropriate method of sediment disposal.  Such 

a method would minimize initial mortality, leave maximum populations intact to repopulate affected areas, 

and would also facilitate a faster population recovery.  
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1.  INTRODUCTION 

 

1.1 Project Overview 

The purpose of this study is to address an area of coastal ecology largely 

overlooked in previous literature.  This research focuses on the relationship between 

geophysical factors associated with cuspate formations that are common on open, sandy 

shorelines and the distribution of swash zone invertebrates that lie within.  Invertebrate 

populations play a large role in sandy beach ecosystems, serving as a major food source 

for many species of fish, birds, and even other invertebrates.  Understanding their 

distribution with respect to cuspate formations is essential to their protection.   

The study area includes the beach of Pea Island National Wildlife Refuge, which 

is located on the Outer Banks of North Carolina 40 miles north of Cape Hatteras.  The 

Refuge is a 13-mile stretch of barrier island bordered by Oregon Inlet to the north, the 

town of Rodanthe, NC to the south, the Atlantic Ocean to the east, and the Pamlico 

Sound to the west (Figure 1).  Executive Order 7864 established the Refuge in 1938 “as a 

refuge and breeding ground for migratory birds and other wildlife” (U.S. Dept of the 

Interior, 2006).   

Periodically, the adjacent Oregon Inlet Federal Navigation Channel is dredged to 

maintain a shipping channel and the sediment is placed on the refuge beach.  While this 

sand does nourish the eroding beach, it also alters beach morphology and sediment 

characteristics.  Not only does the initial dumping of sand threaten macrofauna, but 
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lasting effects create a less ideal habitat including lower mean sediment grain size and a 

higher heavy mineral content (Dolan and Stewart 2006).   

 
            Figure 1.  Map from the Pea Island Comprehensive Conservation Plan indicating 

                            location within North Carolina and Refuge boundaries.   

 

As a federal agency with a mandate to preserve resources for migratory birds, 

maintaining a healthy population of invertebrates is of utmost importance to Pea  
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Island National Wildlife Refuge.  Of primary concern are two species; a crustacean, the 

mole crab Emerita talpoida and a mollusk, the coquina clam, Donax variabilis.  These 

species are filter and suspension feeders, respectively, and they are the dominant 

invertebrates in the swash zone habitat along the Outer Banks.  Research was conducted 

during the summer of 2006 (May-August), the season when populations of both species 

are known to be high.   

 

1.2 Objectives 

There are several objectives that this research is intended to accomplish.  First and 

foremost, while previous studies have explored both the relationship between swash zone 

macrofauna and sediment characteristics, as well as the relationship between sediment 

characteristics and beach cusps, few have explicitly explored the relationship between all 

three.  This research, unlike previous studies, seeks to investigate whether there is a 

relationship between the distribution of invertebrates and location within beach cusps.  

Filling this knowledge gap will broaden our understanding of how geophysical and 

biological processes are related to one another within beach cuspate formations. 

Not only will this study further general knowledge about an understudied 

environment, but it will also serve as a frame of reference for management decisions on 

the refuge.  Refuge biologists will use results of this research to help make 

determinations about the placement of sand in conjunction with dredging events at 

Oregon Inlet.  The ultimate goal is to reduce ecological impacts associated with periodic 

sand bypassing by avoiding areas that are expected to be highly populated with 
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invertebrates and mimic natural shoreline morphology and associated coastal processes.  

Such a strategy will further the Refuge’s mission to protect resources for migratory birds.   

Additionally, data regarding invertebrate population distributions along the Outer 

Banks shoreline is generally scarce.  While whole population estimates are beyond the 

scope of this research, the data gathered can certainly be used in conjunction with other 

long-term studies in the area to help assess population status, especially regarding species 

response to beach nourishment activities.  

Specifically, this research will focus on the following questions:  

1.  Several studies have described physical characteristics of cuspate formations.  

Whether or not these characteristics are exhibited within cusps of varying sizes along the 

refuge beach will first be examined. 

2.  If the previous relationship exists for the Pea Island beach, it should follow that there 

is also a relationship between invertebrate abundance and location within a cusp.  This is 

a question that has been largely neglected in previous literature, but will be explored here. 

3.  Finally, the ecological implications of such a relationship between beach cusps and 

macrofaunal abundance, especially with regards to sediment bypassing, will be 

examined. 
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2.  BACKGROUND 

 

2.1 Ecological Context 

2.1.a Swash Zone Fauna 

 The intertidal area of sandy beaches is a highly disturbed, physically harsh 

environment.  Species living in this environment deal constantly with a shifting substrate, 

periodically changing tidal zone, and high wave energy.  Because of the harsh nature of 

exposed, sandy beaches, community structure is believed to be determined more by 

physical processes than biological interactions (McLachlan 1990).  Because biogenic 

structure is absent in beach environments and because beaches are temporally and 

spatially dynamic, the autecological hypothesis developed by Noy-Meir (1979) to 

describe desert ecosystems is often applied.  This hypothesis, applied to sandy beaches, 

states that in physically controlled environments, communities are not structured by 

populations’ interactions with each other but rather by each population’s independent 

reaction to the physical environment (McLachlan and Brown 2006).       

Despite the swash zone’s physical severity, it serves as an important habitat for 

the species adapted to live within. Comparatively few species make a living in this zone, 

but those inhabiting it generally occur in great numbers.  This is likely due to the lack of 

spatial competition and abundant food availability.  Most of the species are benthic 

infauna, adapted to live within the sand, and are able to bury themselves quickly 
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(MacGinitie 1938).  Also, in this habitat, most inhabitants are opportunistic feeders 

(McLachlan and Erasmus 1983), foraging on stranded carrion and both living and dead 

particulate materials (McLachlan et al. 1981).  Ample food, the ability to burrow, and the 

spatial scale suggest that competition is not a significant factor among the burrowers on 

sandy beaches (Branch 1984).  Rather, predation is much more likely to be an important 

factor than competition (Peterson 1979).   

In addition to occurring in great numbers, swash zone macrofauna tend to be 

highly motile and many studies have shown that they often display patchiness or have 

zonal distribution (Efford 1965, Cubit 1969, Perry 1980, Ansell 1983, Bowman and 

Dolan 1985, Shepherd et al. 1988).  Dugan and McLachlan (1999) suggest that such 

distributions may be explained by two different types of movement.  First, individuals 

can have oriented movement which allows them to locate food resources, avoid predation 

or competition, and maximize feeding or submergence times.  Alternatively, movement 

may be a result of physical processes like tides, waves, and longshore currents.  It is 

likely that macrofaunal distributions in the swash are a result of a combination of both 

physical and biological factors. 

Migration, both alongshore and with the tidal cycle is an important feature of 

macrofauna in the swash of exposed, sandy beaches.  Both Emertia and Donax, as well as 

mysids, gastropods, amphipods, and isopods, exhibit such migration patterns (McLachlan 

et al. 1979).  Tidal migration is extremely important for these species because it allows 

them to maintain their position relative to the tide line.  Unlike rocky coast communities 

where inhabitants are adapted to alternating submerged and exposed periods, species in 

sandy beaches remain sublittoral.  Maintaining more consistent conditions affords these 
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species the advantage of always being among the organic matter on which they feed.  

Additionally, the disturbed zone may provide protection from predators (Ansell and 

Trueman 1973).   

 Swash zone invertebrate species play an important role in their ecosystem.  They 

are primary consumers, serving as an important food source for many other species.  For 

example, Emerita and Donax are known to be food sources for other invertebrates (Ghost 

crab, blue crab, spotted crab, lettered olive, moonshell, conch), fish (Pompano, Spot, 

Kingfish, Drum, Sheepshead, Atlantic silverside), and birds (Sanderling, Black-bellied 

plover, Ruddy turnstone, Red knot, Willet, and Least tern) (Donoghue 1999; Loesch, 

1957; Nelson 1986).     

 

2.1.b Emerita 

 Commonly, swash zone inhabitants in tropical and temperate regions include 

species of the genus Emerita (anomura, Hippoidea).  These critters are affectionately 

known by beachgoers as mole crabs, sand crabs, sand fleas, sand bugs, or sand fiddlers 

and can be found by digging in the wet sand of the swash zone.  Species of Emerita are 

crustaceans, but are not true crabs as several of their common names imply.  Often, they 

are the most abundant macrofauna found on exposed, sandy beaches (Efford 1976). 

There are at least 10 species of Emerita known worldwide and the species 

occurring along the East coast of North America is Emerita talpoida.  Their range 

extends from Massachusetts to Yucatan, Mexico and it is the only Emerita species 

reported for the central coast of North Carolina (Diaz 1980).  The species E. benedicti has 
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a similar range as E. talpoida, but has not been recorded as far north as North Carolina 

and the two do not resemble each other.       

Life History 

Estimates of Emerita life span vary, but most agree that females have a longer life 

span than males.  Diaz (1980) found that the life span for females depended on their time 

of recruitment.  Early summer recruits are estimated to live 15-18 months, while late fall 

recruits may live 19-22 months. Females may overwinter once or twice, depending on 

when they arrive on the beach (Willimas 1974) and they can be reproductive in both their 

first and second years (Efford 1965).  Males overwinter once and reach their maximum 

size in approximately nine months (Diaz 1980).  Estimated life span for males is 10-12 

months regardless of when they arrive on the beach.   

The spawning season for E. talpoida varies by location, but generally lasts from 

late winter to early fall (Williams 1974).  In North Carolina, Diaz (1974) found ovigerous 

females as early as January and as late as October.  He also noted that the larger females 

that are reproductive in the spring have larger clutch sizes as well as individual eggs than 

the smaller females reproducing in the summer.  In species of the genus Emerita, females 

grow larger and more quickly than do males (Efford 1967) but males reach sexual 

maturity earlier.  These features may be an adaptation to reproduction in the highly 

unstable environment of the swash zone (Efford 1965).  Although sex reversal has been 

shown in some species of Emerita and suggested for E. talpoida, several studies have 

shown that not to be the case (Diaz 1980).    

 Amend and Shanks (1999) found that larval release in E. talpoida appears to 

occur during large wave events like storms, where the residence time for water in the 
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swash zone is short.  In that case, larvae are swiftly transported out of the surf zone, 

where planktonic predators are less abundant (Christy 1982).  Spawning or hatching 

during large wave events is a strategy employed on exposed sandy coasts by other 

intertidal organisms as well including limpets, abalone, and turban snails (Amend and 

Shanks 1999).      

 Emerita spend a significant portion of their life in the swash zone.  Edwards and 

Irving (1943) found that at Woods Hole, MA, they winter offshore and migrate onshore 

in the spring.  This also seems to be the case in North Carolina, where they migrate 

onshore once a critical temperature is reached (Bowman and Dolan 1985).  Both studies 

showed that the E. talpoida population migrated onshore in April, reaching a population 

maximum in the late summer and early fall, and then migrated offshore again in early 

November.   

 Emerita are suspension feeders who can feed only in moving water.  They use 

their modified antennae and Efford (1966) found that antennal cleaning rate is a function 

of water velocity.  The rate increases in a linear fashion with the log of velocity, with 

velocities between 0.02 and 0.32 m/s.  Outside of this velocity range, the rate is constant.  

Their antennae when extended are almost the length of the animal’s body, but can be 

rolled up underneath the mouthparts when riding the swash (McLachlan and Brown 

2006). 

Aggregations 

Mole crabs are known to form large aggregations of up to a few square meters in 

size (Efford 1965).  Several studies have found that within aggregations, the smaller 
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individuals tend to be found higher up in the swash while the larger individuals are more 

commonly found lower in the swash, or more seaward (Efford 1965). 

The cause of such aggregations is not entirely known, but is likely a combination 

of biological and physical mechanisms.  Efford (1965) suggested that aggregations may 

be reproductively beneficial, since food supply is not generally a limiting factor.  

MacGinitie (1938) also found evidence that aggregations, or “clumping,” are necessary 

for reproduction.  He found males gathered around a female from two to five days before 

egg laying, and often more than one male was attached to a female.  Aggregations may 

also serve as a predator avoidance strategy.   

Several studies have noted that while Emerita distributions vary greatly in time 

and space, populations tend to be greater in areas of physical convergence or lower wave 

energy.  Cubit (1969) found that Emerita analoga aggregations seemed to organize based 

on physical factors.  For instance, he noticed distinct aggregations within cusps and in 

areas where wave washes consistently come together from different directions, leading 

him to speculate that they were due to the convergence of water flow rather than 

behavioral factors.  Additionally, he found aggregations in “convergence areas;” places 

where a change in physical structure or wave dynamics prevent continued longshore 

migration by Emerita.  Bowman and Dolan (1985) found higher E. talpoida densities 

near a pier and it’s associated “energy shadow” at Duck, NC.  Knox and Boolootian 

(1963) found a similar response by E. analoga to a series of piers in Southern California.        

Dillery and Knapp (1969) found that individuals moved between distinct 

aggregations, which were usually present along cusp sides, but only ephemerally.  They 

also concluded that these aggregations were passively maintained by physical processes.  
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Barnes and Wenner (1968) concluded that aggregations are not actively maintained by 

individuals, but rather they are in response to changing physical conditions.  

Perry (1980) noted that aggregations of E. analoga were most intense from May 

to September and in the upper part of the swash.  The upper swash is likely a more 

suitable habitat because it is further from the shock of breaking waves as well as fish 

predation.  In this study, aggregations were shown to have an inverse relationship with 

tide, ratio of reproductive females to males and non-reproductive females, and water 

temperature.    

In relation to physical characteristics of the beach, Bowman and Dolan (1985) 

found that E. talpoida are zonally distributed across the foreshore and the highest 

densities are near the lower part of the beach.  They believe that high density cells, or 

aggregations, observed in the mid foreshore correlate with the presence of cusp 

embayments.  With gentler slopes in such areas, wave energy density is lower, meaning 

that the wave energy is spread throughout a greater area (Cubit 1969).  This provides a 

less stressful environment for infauna, potentially creating more suitable habitat. 

Migration 

Tidal migration is well documented in Emerita species (Barnes and Wenner 1968; 

Cubit 1969; Efford 1965).  Efford (1965) noted that entire aggregations moved up and 

down the beach with the tide, noting that this movement is behavioral rather than passive.  

Additionally, Emerita are not only able to respond to tidal rhythms, but they also have a 

sense of which direction the tide is moving.   

Longshore migration is not as well studied for Emerita as is tidal migration.  

Dillery and Knapp (1969) found a net movement of 14.5 m day
-1

 for E. analoga during 
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summer conditions, which could potentially equal over 5 km per year.  Diaz (1980) noted 

no massive active migrations, but did see net displacement of E. talpoida due to passive 

alongshore transport.  The direction and rate of displacement varied between 4m and 5km 

and correlated with the rate of longshore currents.   

 

2.1.c Donax 

 Species of the genus Donax are small clams in the family Donacidae, and are the 

most dominant sandy beach mollusks throughout the world.  There are 64 known species 

of Donax, although species-level taxonomy is being reevaluated continuously (Morrison 

1971).  The majority of species (about 80%) are tropical with most of the remainder 

living in warm temperate regions, and only 5% in cold temperate regions.  They are 

excluded completely from areas beyond the 5ºC minimum sea-surface isotherm 

(McLachlan and Brown 2006).  Every major continental coastline except Antarctica has 

at least one species representing this genus.  Donax variabilis is the only species known 

to occur in North Carolina and its range extends from New York to the Gulf Coast 

(Donoghue 1999).  They are known by a variety of common names including the bean 

clam, butterfly clam, and most often, the coquina clam.    

Biology and Life History 

 Many species of Donax have a two year life span, including all six species in the 

Western Atlantic (Morrison 1971).  The shell of these bivalves is small to medium in 

size, with the umbo occurring about a third of the distance from the front to the hind end.   

Coquina clams are suspension feeders, who feed by securing themselves in the 

sediment with their siphons extending into the water above.  They pull organic material 
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including detritus, phytoplankton, and zooplankton through the siphon, which is frilled to 

keep sand grains from being inhaled (Barnes 1987).   

Donax clams are very strong and fast burrowers, able to bury themselves 

completely in the matter of a few seconds.  Tropical species take about five to six 

seconds, while temperate species can take longer.  They are also able to reverse their 

digging by thrusting their foot downward, which is useful so they do not become trapped 

underneath the sediment (McLachlan and Brown 2006).  Burrowing is used for stability 

in moving water and as a form of predator avoidance. Although coquinas may escape 

birds and fish while buried, they cannot protect their siphons while feeding.  In fact, 

siphon pieces are an important part of the diet of some fishes and birds.  Siphon predation 

does not mean the end for the clam, however, as they regenerate rapidly (Hodgson 1982).   

As suspension feeders, all species of Donax depend on the flow of water for 

survival.  A study by Loesch (1957) found that when several colonies were transplanted 

to a location ideal for Donax except for lack of wave action, only one individual survived 

past one week and none survived past two weeks.  Further, Ansell (1981) reported that 

swash flows may provide sensory stimulation which controls the ciliary mechanisms of 

the gills.  

 The life span for both male and female D. variabilis is about a year to two years 

(Mikkelsen 1985; Loesch 1959).  Morrison (1971) reported that some individuals can live 

up to three years.  All species of Donax have separate sexes and the sex ratio is about 1:1 

(Ansell 1983).  In terms of reproduction, species of Donax are r strategists, meaning they 

produce a large number of gametes.  They have external fertilization within the water and 

their larvae are planktotrophic.  Larval recruitment is highly variable both between 
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beaches and between years at a constant location, which is likely due to variability in 

oceanographic conditions.  Recruitment patterns are not well studied for D. variabilis 

populations in North Carolina, but data collected over several years at Pea Island 

indicates a major settling period in the early spring.  There is also evidence for a weaker 

settling period in the fall (Donoghue 1999).  Observations by Reilly and Bellis (1983) on 

Bogue Banks, NC concur, with a settling period there in March.  

Distribution and Migrations 

 In terms of alongshore migration for Donax, Dugan and McLachlan (1999) did 

not find rates quite as high as Dillery and Knapp (1969) found for Emerita analoga.  

Using a mark and recapture technique with a metal detector, they found that D serra, an 

eastern Atlantic species of Donax migrated less than 0.25 m per day.  Loesch (1957) 

performed two experiments to determine whether Donax migrated alongshore with 

conflicting results.  In one study, transplanted clams remained in place throughout a 

season while in another, no transplanted clams remained, suggesting that they drifted to a 

new location. 

 Donoghue (1999) performed a mark-recapture study on coquina clams in North 

Carolina.  She found that they preferentially inhabited certain locations relative to beach 

cusps and that they migrated longshore in a similar fashion as the cusp apexes did in 

response to swash processes.  Rates for coquina were an order of magnitude higher than 

those for the cusp apexes, likely because of the large volume of sediment contained there. 

Whether or not species of Donax migrate appreciable distances alongshore, they 

are known to migrate cross-shore; that is to say that they move shoreward with the rising 

tide and seaward with the falling tide.  Unlike most intertidal crustaceans however, this 
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migration in mollusks including species of Donax is not based on an internal tidal clock, 

but rather is triggered by the changing physical processes of tidal ebb and flow (Ansell 

1983).   

Some debate exists about whether the migration is active, where individual clams 

choose when to migrate, or passive where individuals are simply eroded from within 

shifting sediment.  Both Wade (1967) and Jacobson (1955) suggested passive migration 

as a result of wave action for D. denticulatus and D. fossor respectively.  For D. 

variabilis, Mikkelson (1981) found that populations on a beach with higher slopes and 

larger waves migrated, while those on a beach with smaller slopes and waves did not.  

Rather than migrating, they maintained a position at a low intertidal level so as not to 

become stranded as the tide changed.  This behavior is thought to be a local adaptation to 

low slope and wave energy.  Edgren (1959) found in Florida a population that migrated 

only after storm events.          

Ellers (1995a) found, however, that tidal migration in D. variabilis, is not passive 

as may be the case in other species of Donax.  When migrating in the shoreward direction 

during a rising tide, this phenomenon is fairly obvious because the clams emerge from 

the sand prior to the uprush of a breaking wave.  During a falling tide it is not so obvious; 

leading some to suggest that the migration may be due to physical erosion of the 

sediment rather than a behavioral mechanism within the clam (Ellers 1995a).   

Ellers (1995a) discovered through a series of field experiments on a barrier island 

in North Carolina that individual clams have a surprising amount of control over their 

own migrations.  Using a technique called “swash-riding,” clams remain buried in the 

sand until specific cues trigger their active release from the sediment.  Swash-riding is 
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utilized by several other swash zone species, but it does not always lead to migration.  In 

D. variabilis, however, a series of swash-rides does often result in migration.  The clams 

migrate using this technique both shoreward and seaward, except during a period of about 

three hours, one and a half hours on either side of low tide.  During this time, activity is 

noticeably lower (Ellers 1995a).   

Interestingly, when migrating shoreward with the rising tide, clams more often 

rode larger waves with a correspondingly longer swash which allowed them to travel a 

further distance in one ride.  The cue for them to emerge before the swash reaches them 

was found to be the acoustics associated with larger versus smaller waves (Ellers 1995b).  

Similarly, Turner and Belding (1957) discovered that as long as they are situated in 

saturated sand, D. variabilis clams can respond to the acoustic shock of breaking waves 

by emerging from the sand and riding the swash for a shoreward migration. 

Not only do coquina clams exhibit behavioral control over the timing of their 

migrations, but they also employ morphological techniques.  Coquinas are able to rotate 

themselves while in flow so that they are oriented with their anterior end upstream.  This 

typically occurs during the wave backwash above a minimum speed, and is used for 

stabilization.  If the clam is not oriented properly, the force of the water flow can upend 

it, sending it tumbling out of control.  When oriented correctly, the clam experiences 

lower drag and downward lift, which in turn creates a slower and more stable trip down 

the backwash.  Stability is important so that the clam is able to grab a foothold and 

burrow into the sand at the end of the backwash (Ellers 1995c).  Donax surfs with both its 

siphon and its foot extended (McLachlan and Brown 2006).    
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Like Emerita, Donax can be found in aggregations, but their aggregations are less 

well-studied.  In Mustang Island, Texas, Loesch (1957) found that aggregations, or 

concentrations as he refers to them, are generally found within intercusps which are 

smaller cusps found within a series of larger ones.  It has been suggested that 

aggregations of Donax tend to occur in places where food is plentiful.  However, this 

would imply that individuals actively seek out suitable areas, for which there is no direct 

evidence (McLachlan and Brown 2006). 

 

2.2 Geophysical Context 

2.2.a Barrier Islands:  The Outer Banks  

The Outer Banks of North Carolina refers to the long chain of islands that run 

from just south of Cape Henry, Virginia, to Cape Lookout, North Carolina (Figure 2).  

They formed during the Holocene, about 5,000 years ago.  These islands are considered 

transgressive, with many studies of the Outer Banks showing that the barrier island chain 

has been migrating landward since about the 1940’s.  Shoreward migration occurs in 

response to sea level rise, storm overwash, and longshore transport (Hoyt 1967).  The 

beaches of the Outer Banks are retreating at an average of 1.2 m/yr with Pea Island itself 

averaging 2.6 m/yr (Inman & Dolan 1989).   
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Figure 2. Satellite image of the Outer Banks.  Circled is the study area.   

Image from NASA 

 

The Pea Island shore face is subject to erosion from several sources.  A study by 

Boss and Hoffman (2000) found that there is a prominent bathymetric trough that 

parallels Pea Island before heading seaward.  It begins about 2 km from the Pea Island 

shoreline and is 3 to 4 km wide.  The trough is at least 22 m deep in some places and 

serves to separate Pea Island’s onshore sources of sand from offshore shoals.  It also 

produces a relatively steep and narrow shoreface, allowing for higher wave energy on this 

portion of the coast.  Boss and Hoffman (2000) note that, “as a result of the interplay of 

stratigraphy, geomorphology, and sedimentology, the Pea Island shoreline is among the 

most rapidly eroding portions of the outer banks.”  

Beaches of the Outer Banks are considered microtidal and wave-dominated 

(Davis and Hayes 1984).  Tides are semidiurnal with two nearly equal highs and lows 

each 24-hour period.  Sediment mean grain sizes can range from fine (0.125 – 0.25mm) 
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to coarse (0.5 – 1.0mm).  Beaches in this area are considered “exposed sandy beaches” 

according to the accepted naming system developed by McLachlan (1980).  These 

beaches are neither strictly reflective nor dissipative; rather they fall into the 

“intermediate” category (Wright and Short 1984).  Reflective beaches are characterized 

by low tidal ranges, coarse sand, and lower wave energy.  Dissipative beaches have finer 

sand and larger waves, but they also have a wider surf zone so much of the incident wave 

energy is dissipated before reaching the shoreface.  Intermediate beaches may have a 

combination of these characteristics and are also characterized by bars and channels 

(McArdle and McLachlan 1992).   

 

2.2.b Beach Cusps: Formation and Spacing 

 Beach cusps are common features along open, sandy beaches (Figure 3).  They 

are easily distinguishable by beachgoers as uniformly spaced, crescent-shaped sand 

ridges that are concave towards the ocean.  Beach cusps can be described as a series of 

embayments and adjacent “horns” or seaward projections, also known as cusp apexes.   
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Figure 3.  Shows a series of small beach cusps.  

 

Explanations for cusp formation as well as their regular spacing, organization, and  

maintenance are quite numerous.  In fact, conflicting theories abound to the point that 

Russell and McIntire (1965) commented that “practically every idea concerning cusps 

advanced by one author is directly contradicted by another.”  Few of these theories 

satisfactorily describe the process while taking into account the abundant variables.  

However, two theories emerging from the literature about cusp formation and distribution 

have received more attention: the standing edge wave hypothesis (Guza and Inman 1975) 

and the self-organization model (Werner and Fink 1993).   

Apex 

Embayment 
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Edge waves are described as waves running along the shore and are contained 

within the surf zone (McLachlan and Brown 2006).  They are trapped and unable to 

radiate energy seaward past this zone, their energy being dissipated only through friction 

and interaction with other waves and currents.  The standing edge wave model predicts 

beach cusps as a function of incident wave frequency and beach slope.  In this model, the 

erosion and deposition that form cusps are products of the flow pattern of standing edges 

waves, those that occur when two edge waves come together from different directions.  

Guza and Bowen (1981) noted, however, that as cusps develop, the amplitude of the edge 

waves that generated them is decreased.  Cusp formation by edge waves is therefore a 

self-limiting process and additional factors must be present to explain their continued 

formation.  The standing edge waves probably provide an initial periodic topographical 

disturbance, which is exacerbated by positive feedback between this disturbance and the 

primary incident wave train (Guza and Inman 1975).   

According to the self-organization model, beach cusps are developed through a 

combination of positive and negative feedback systems.  Positive feedback between 

swash flow and beach morphology enhance incipient topographic irregularities while 

negative feedback prevents further erosion or accretion in developed cusps (Werner and 

Fink 1993).  In support of the self-organization model, Takeda and Sunamura (1983) 

developed equations to describe cusp formation and spacing.  From their experiments, 

they discovered that beach cusp formation is strongly related to the formation of a berm 

due to onshore migration of an inner sand bar and they become inactive when an inner 

bar is located very close to the shore.  Additionally, they found that cusp spacing can be 

described by breaker height, wave period, and sediment grain size.   
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The standing edge wave and self-organization models both predict similar cusp 

spacing.  Longeut-Higgins and Parkin (1962) found that cusp spacing is more a function 

of swash length than it is wave height or period, and that spacing increased with 

correspondingly longer swash lengths.  Swash length, however, is a product of the 

volume and velocity of water encountering the shoreline.  Russell and McIntire (1965) 

noted the importance of larger waves relative to average waves in shaping cusps.  Cloud 

(1966) used Plateau’s Rule to describe waves as cylindrical forms that are regularly 

segmented upon contact with the beach.  Beach cusps form in response to this regular 

segmentation, and the spacing of cusps is related to the height of waves producing them.        

Although the term “beach cusp” can be used as a catch-all phrase to describe 

these landforms, there are actually a variety of crescentic features, arranged in a series 

along the length of the entire Atlantic Coast.  They are hierarchical in that smaller cusp 

forms are arranged within larger ones, and are geometrically related by order, amplitude, 

and number (Figure 4).  The smallest of these formations, only about 1.5m from apex to 

apex, are called “beach cusplets.”  They are highly ephemeral, changing with each tide 

cycle.  Beach cusps are larger, about 10 – 50m in width, with their typical life span 

measurable in days.  Larger cuspate formations are known by a variety of names.  Evens 

(1938) identified storm cusps, 70-120m in size, that develop during heavy seas.  Shepard 

(1952) named “giant cusps,” 700-1500m which seem to be related to strong littoral 

currents (Figure 5).  These features are also known as shoreline rhythms or migrating 

sand waves.  Still larger and much more permanent are features known as secondary 

capes on the order of 10,000m, Carolina Capes, on the order of 100,000m, and the Cape 

Hatteras to Florida embayment (1,000,000m) (Dolan and Ferm 1968).        
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Figure 4.  This photograph shows the hierarchical structure of crescentic formations.  

Pictured are small cusps nested within larger cusps.  
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Figure 5.  View looking South along the Pea Island shoreline.  This picture shows very 

large crescentic features in the “giant cusp” category, also known as migrating sand 

waves.  Photo by Dennis Stewart 
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2.2.c Beach Cusp Features 

Typically, within beach cusps, sediment grain size is coarser on the apexes than in 

the embayments (Figure 6).  This is true even when sediment appears to be homogenous.  

(Russell and McIntire 1965).  Also, slopes are steeper on horns versus bays (McLachlan 

and Hesp 1984).  Because of the coarser sediment on the horns and the lower water table, 

water infiltration is more rapid here than in cusp bays (McLachlan et al. 1985).   

Sediment size within beach cusps becomes coarser in the seaward direction.  

Masselink et al. (1997) found that to be true for both embayments and horns.  They also 

found that swash water circulation tended to be divergent at cusp horns, and convergent 

within bays.  Therefore, bays are covered with water for longer periods of time than the 

horns and there is also stronger backwash from this area of the cusp (Carter 1988 

Bagnold 1940; Dean and Maurmeier 1980; Inman and Guza 1982).  This type of positive 

feedback reinforces the exiting cusp morphology as there is net deposit of sediment on 

the horns and net erosion in the embayments owing to the increased amount of water 

flow in this area during the backwash as opposed to the uprush (Masselink et al. 1997).    

  
Figure 6.  Diagram of a beach cusp with typical physical characteristics.  
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2.3 Relationship between Geophysical and Ecological Processes in the Swash Zone 

2.3.a Faunal Relationship with Sand grain Size 

 Bowman and Dolan (1985) found that Emerita preferentially inhabit sediment 

within a specific grain size range; 0.2mm to 0.5mm.  This preference is likely due to the 

mole crab’s burrowing abilities.  When burrowing, Emerita vibrate in a way that makes 

the surrounding wet sand excited into a “quick” condition, which allows for easy exit 

during wave uprushes and burrowing before the backwash.  Sand between 0.2mm and 

0.5mm is most likely to provide this condition.  Although similar data is lacking for 

Donax variabilis, it is likely that they preferentially occupy a similar sediment grain size 

range since they are also burrowers in the same environment.   

 

2.3.b Faunal Relationship with Beach Cusps 

 The relationship between faunal distributions and beach cusps is not well 

understood.  Few studies have explicitly focused on whether or not there is an association 

between location within a cusp and faunal abundance.  Studies of exposed, sandy beaches 

with cusps included in their morphology have yielded conflicting reports about whether 

such a relationship exists.   

James (1999) found that for Donax deltoids, a South Australian Donax species, 

there were no significant differences in the abundance between cusp bays and horns at 

any of the three sites studied.  Perry (1980) found that on only four out of thirty-three 

occasions did aggregations of Emerita analoga seem to be associated with cusps.  For the 

same species, Cubit (1969) observed that several times, aggregations were associated 

with cusps and that there was one aggregation per cusp, usually on the left half facing 
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oceanward.  Bowman and Dolan (1985) found that for E. talpoida distributions, sediment 

grain size, beach morphology, and wave energy exert strong control.  Therefore higher 

densities occur within cusp embayments than on horns since these areas correspond with 

lower wave energy.   

 McLachlan and Hesp (1984) studied beach cusps 26m to 32m in width on a 

reflective, microtidal beach in Australia.  This is one of the only studies to explicitly 

explore the relationship between beach cusps and the associated meiofauna and 

macrofauna.  For meiofauna, they found a distinct relationship between densities and 

cusp morphology.  All groups displayed the lowest densities on cusp horns, and 

increasing densities towards the bays, but peaking along the cusp sides rather than in the 

bay where there is a rip line.   

The results for macrofauna differed slightly.  Two suspension feeding donacid 

bivalves showed a preference for cusp bays under all wave conditions, while Hippis 

australis, a scavenging mole crab, showed preferences that were not statistically 

significant.  The authors suggest that the two bivalves may concentrate in bays either 

because of the net swash flow in this direction or because of an active preference for this 

area of maximum feeding time and slower swash speeds.  H. australis is much more of a 

generalist feeder, a possible explanation for its more even distribution across a cusp.   

A similar relationship has also been shown in South Africa; where a filter feeding 

mole crab (Emerita austroafricana) concentrates near megacusp (100-1,000m) bay 

centers while a scavenging mole crab (Hippa adactyla) concentrate on the horns where 

the sand is coarser (Dye et al. 1981).  This supports other studies of filter feeding mole 
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crabs (Emerita spp.) that report higher densities in bays or along cusp sides (Cubit 1969, 

Bowman and Dolan 1985).        

 

2.4 Beach Nourishment 

 Beach nourishment is a soft engineering approach to combating beach erosion.  

Rather than using a hard structure like a seawall or jetty, nourishment involves removing 

sand from a borrow location and placing it on the beach of concern.  The sand used for 

nourishment can come from a variety of locations and is moved by pipeline or by 

trucking.  Beach nourishment is a controversial method as there are many questions 

regarding economics, lifespan, and environmental impacts (NRC 1995). 

 The advantages of beach nourishment include a wider recreational beach, 

protection of shoreline structures, and the potential to use material dredged from a nearby 

source (Greene 2002).  Additionally, beach nourishment may ultimately have a positive 

impact on some species by creating habitat (NRC 1995).   

Negative impacts of beach nourishment include habitat destruction and alteration 

in the borrow area, increased turbidity and sedimentation in the borrow and nourished 

areas, disruption of mobile species using the borrow or nourished areas for foraging, 

nesting, or breeding, possible introduction of undesirable species, alteration of beach 

morphology and wave action, changes in sediment grain sizes, and change in community 

structure and evolutionary trajectories in both the borrow and nourished areas due to 

altered conditions (NRC 1995).   
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2.4.a History on Pea Island 

In the case of the refuge, sand bypassing from the federal navigation channel onto 

the refuge beach mimics the natural direction of sediment transport around Oregon Inlet.  

The Council of Environmental Quality directed the U. S. Army Corps of Engineers 

(USACE) to maintain the channel with a dredging only alternative in lieu of constructing 

twin jetties.  The Department of the Interior was directed to work with the USACE to 

achieve desired results with the dredging only alternative.  Sand bypassing contributes to 

wildlife habitat maintenance and helps to protect a major highway from an eroding 

shoreline. 

Since 1990, there have been at least six disposal projects on the Pea Island beach 

for a total of about 5 million m
3
 of sand (Dolan and Stewart 2006).  The material has 

come from the Oregon Inlet navigational channel, the ebb tidal delta, and from accretion 

behind the groin at the north end of the island.  Disposal methods have varied from 

placement on the backshore by dump truck, and pumping into the swash or nearshore.  

The sand is placed in approximately the same location each time, about 1.5 km – 3.1 km 

south of Oregon Inlet (Donoghue 1999).  The sand placed on the beach has been 

consistently finer (0.3mm – 0.4mm) than the native beach sand (0.5mm – 0.9mm).  

Additionally, the dredged sand has a higher heavy mineral content (8-12%) versus the 

native sand (2-4%) (Dolan and Stewart 2006).    

            

2.4.b Ecological Impacts 

Changes in beach morphology and sediment characteristics that result from 

nourishment can result in changes in sand compaction, shear resistance, moisture content, 
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and sediment size, shape, and sorting.  These alterations have a negative affect on the 

macrobenthos (Peterson et al. 2000, Greene 2002).   

However, studies on the impacts of beach nourishment to date report varying 

impacts and the studies themselves are largely inadequate.  For example, a review of 

forty-six such studies by Peterson and Bishop (2005) found that most were plagued by 

flaws in design, analysis, and interpretation.  Generally, they are designed to answer 

specific questions and sampling is restricted spatially or temporally.   

 Despite the inconsistencies in beach monitoring studies, some useful ecological 

information can be gleaned.  For example, all projects report that organism abundance is 

reduced immediately following sediment placement.  This is true for both the swash and 

nearshore zones.  Some studies find that recolonization to previous abundances takes 

place within weeks and others find that it can take up to several years, or a species may 

never reach previous levels (Peterson and Bishop 2005) 

 There are two major factors that are likely to determine the recovery time after a 

nourishment event: season and sediment compatibility.  In cases where the sediment 

placed on the beach is significantly finer or coarser than the natural sand, the recovery 

time is greater (Nelson 1993).  

 

2.4.c Pea Island NWR Monitoring 

 Results of pre and post nourishment studies show that while abundances of 

macrofaunal species fluctuate seasonally and annually, their populations decrease 

immediately following nourishment events.  Recovery time depends on timing relative to 

the biological cycles and relative to other nourishment events.  For example, a relatively 
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small nourishment event in October 1991 required a longer recovery period for Emerita 

than larger events likely because it disrupted the fall recruitment period as well as 

overwintering females.  In this case, recolonization did not occur until the following 

summer (Donoghue 1999).   

 Studies also showed that when sediment that is more compatible with the native 

sand is used, the immediate impacts are not as great except when the sand is placed in the 

nearshore rather than directly on the beach.  In the case of the nearshore disposals, 

immediate changes in Emerita abundances were not seen, but rather populations 

decreased once the sediment moved onshore in several months time.  However, the 

impact to the population was smaller in both nearshore events than it was for the pipeline 

disposal on the beach (Donoghue 1999). 
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3.  METHODS  

 

3.1 Field Sampling 

 The swash zone is one of the more dynamic environments on Earth; a feature that 

makes this habitat particularly challenging to study.  Challenges faced by those 

researching this zone are similar to those faced by organisms living there; a shifting 

substrate, constantly changing tide, and high wave energy.  Therefore, natural variability 

in this type of environment is to be expected, especially when dealing with species of 

invertebrates that are motile and known to have patchy distributions.   

One common technique used to study macroinvertebrate abundances on sandy 

beaches is sampling cross-shore positions on one or more shore-normal transects 

(Brazeiro and Defeo 1996; Diaz 1980; James and Fairweather 1996; McLachlan et al. 

1979).  This study attempts to utilize these same techniques but apply them differently, 

sampling beach cusps specifically rather than factoring in cusps as part of a larger study.   

 

3.1.a Spatial and Temporal Considerations      

 The Pea Island beach can be easily divided into Northern and Southern sections 

by the headquarters building.  To the North of the headquarters is about seven miles of 

beach before Oregon Inlet, and to the South are about five miles of beach before the town 



 33 

of Rodanthe.  The sediment characteristics differ slightly for either end, so an effort was 

made to gain adequate representation of each.    

 The purpose of this study was not to conduct whole-scale population assessments 

or estimates.  Rather, the purpose was to examine the relationship between the dominant 

invertebrates and their distribution within and among beach cusps.  Therefore, a temporal 

scale beyond four months during a time when populations are known to be at their 

highest (Diaz 1980) was not necessary.  Furthermore, sampling during only one season 

reduces the variability that occurs among seasons.          

 

3.1.b Cusp Selection 

Surveying invertebrate populations and their relationship with cuspate formations 

on Pea Island involved sampling individual cusps of varying sizes.  Cusps that are very 

large, known as megacusps, tend to be much more stable than smaller scale cusps.  

Smaller cusps on the order of tens to hundreds of meters tend to be ephemeral, changing 

as frequently as each tidal cycle but often remaining constant between high wind events.   

Because of the transitory nature of these cusps, exact sampling locations 

depended on tide, wind and wave conditions, longshore currents, and sand transport.  

Cusps were, however, easily identified by visually scanning the beach.  For the purposes 

of this study, cusps are categorized as small (≤50 m), medium (51-150 m), and large 

(>150 m).  Measurements and data taken at each cusp included water and air temperature, 

wind speed and direction, direction and speed of longshore transport, salinity, and tide 

stage. 
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3.1.c Transect Placement 

Once a cusp was chosen for surveying, its size was determined using GPS.  Points 

were taken at each cusp apex, and the distance was measured by GPS.  At least five 

transects running perpendicular to the shoreline were made per cusp; one at the north and 

south cusp apexes, one at the midpoint (embayment), and one midway between the 

midpoint and each apex (Figure 7).  Larger cusps required more transects, with no more 

than 50 meters between transects. 

The length of each transect depended on the length of the swash.  Transects ran 

from the top of the swash, or the highest point reached by wave uprush, to the bottom, the 

point where wave backwash ended and met with oncoming uprush.  Measurements taken 

at each transect included slope, measured by a hand-held clinometer at the top of the 

swash, sand compaction at both 1” and 6” measured by cone penetrometer, and the 

estimated wave height and distance to the closest breaking waves.       

 

3.1.d Sampling 

Each transect included four sampling locations; upper swash (sample a), lower 

swash (sample d), and two equally spaced samples in between (samples b and c).  At each 

of the four sampling locations along a transect, invertebrate counts were made and sand 

was collected for later analysis.  

Invertebrate counts were made by using a coring device, 15 cm in depth and 10 

cm in diameter similar in size to that used in Perry (1980) and Donoghue (1999).  Care 

was taken to ensure that animals did not escape sampling during either the wave uprush 

or backwash by taking the sample at the top of the swash flow while the water was 
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essentially still, or while the sand was completely exposed.  Sediment was passed through 

a 1mm sieve, and any invertebrates were identified and counted.  The number of E. 

talpoida was further divided into size classes as small (<8mm), medium (8-16mm) or 

large (>16mm).  Additional species noted when present included the polychaete 

Scolelepis squamata, a bristleworm, and amphipods crustaceans in the family 

Haustoriidae.   

 

 
Figure 7.  This diagram shows transects NA, N1, MD, S1, and SA placed along a beach 

cusp (concave side is facing oceanward) perpendicular to the shoreline.  Four samples (a, 

b, c, d) are evenly spaced from the top of the swash to the bottom.     
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Whenever amphipods were present, their numbers were estimated and placed into the 

following categories; <10, 10-50, or >50.  

Sand samples were collected at each sampling point immediately adjacent to the 

sediment core taken for the invertebrate counts.  Effort was made to take the sand 

samples when there was no or at least minimal water flow over the site so that all 

sediment would be settled.  Samples were about two tablespoons in size, or 30 cubic 

centimeters, extending 5cm into the sand as in Bowman and Dolan (1985). 

 

3.2  Sand Analysis 

 Although sediment samples were gathered for ninety cusps, for a total of over 

2,000 samples, only a subset were actually analyzed for sediment grain size.  Due to 

budget constraints, thirty-six cusps were chosen.  These cusps were selected somewhat 

randomly, bearing in mind that the three size classes should be represented equally.   

Sand gathered during the field sampling was analyzed for sediment grain size 

using two dry sieve methods.  The majority of samples underwent the rapid sediment 

analysis method as described in Bowman (1981), and every tenth sample processed 

underwent a longer sieve analysis process for accuracy.   

 In preparation for analysis, each sand sample was washed three times using warm 

water to remove organic debris and dried thoroughly.  For the rapid analysis, once dry, 

the sample was visually compared to standards of a known grain size.  While this method 

is less precise than standard sediment sieving techniques, more precise measurements 

were not required for the purposes of this research. 
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Every tenth sample also underwent a longer analysis.  For this process a series of 

sieves with the following mesh sizes were nested in descending order; 2mm, 1mm, 

0.5mm, 0.25mm, and 0.15mm.  Mean grain size for the entire sample was computed by 

converting the weight of the gravel and sand left on each sieve into a percentage of the 

total sample.  The grain size for each category was then multiplied by the percentage to 

derive an average grain size for the sample.  This method has been shown to be highly 

accurate for sediment grain sizes greater than 0.15mm.     

 

3.3  Statistical Analysis 

 In general, when analyzing intracusp relationships, each transect (NA, N1, MD, 

S1, and SA) was treated as an independent population.  In some cases, it was necessary to 

exclude sample (d), the most seaward point along each transect due to disproportionately 

large sediment grain size values and high variability. 

 Where data fit normality assumptions, both the ANOVA and Student’s t-test were 

used.  It was necessary to use the nonparametric equivalents, the Kruskal-Wallis and 

Mann-Whitney U tests where data did not meet these assumptions. 

Additionally, because of the dynamic nature of the environment in question and 

the natural variability associated with the swash zone habitat, data in some cases was 

tested at a lower confidence level than at the 95% standard.  Although this increases the 

possibility of Type I error, the adjustment was appropriate in such a highly variable 

situation.  Data were never considered significant below a confidence level of 80% (α = 

0.2), however.   
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4.  RESULTS 

Cusps surveyed included 29 in the small size category (0-50m), 32 in the medium 

size category (51m-150m), and 29 in the large size category (>150m).  Size frequency 

analysis of the surveyed cusps reveals a positively skewed distribution (Figure 8).  The 

range of cusp sizes sampled was 15m to 390m with a mean cusp size of 123m (standard 

deviation = 88) and a median of 120m. 
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Figure 8.  Shows size frequency of all cusps sampled. 
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4.1 Sediment Grain Size Intercusp Relationships 

A subset of 36 cusps was analyzed for sediment grain size, fourteen of which 

(39%) were on the Southern half of the beach and 22 were on the Northern half.  Twelve 

of the cusps were small, eleven medium, and thirteen large.  The mean grain size (MGS) 

for all small cusps was 1.20mm with a standard deviation of 0.61.  Medium cusps had a 

MGS of 1.44mm and standard deviation of 0.91.  Large cusps had a MGS of 0.95mm and 

standard deviation of 0.67.  Overall mean grain size was 1.16mm with a standard 

deviation of 1.40 (Figure 9). 

Medium cusps had the highest mean grain size, followed by small cusps, and 

finally large cusps.  When comparing the three size classes, t- tests showed that the 

variance in means between small and large cusps was significant with a p-value of 0.021, 

as was the variance between medium and large cusps with a p-value of 0.001.  The test 

comparing small and medium cusps was not significant at the α = 0.05 level with a p-

value of 0.110.   

The three size classes were also compared excluding sample point (d) for each 

transect (Figure 10).  The result was a decrease in both the MGS and standard deviation 

for each of the cusp size classes, but the pattern remained the same.  The medium cusps 

maintained the highest MGS at 0.97mm with a standard deviation of 0.62.  Small cusps 

followed with a MGS of 0.75mm and a standard deviation of 0.35.  Large cusps had the 

smallest MGS at 0.64mm with a standard deviation of 0.44.  Overall, MGS when sample 

(d) was excluded was 0.77mm with a standard deviation of 0.52.  The difference in MGS 

between the three size classes is statistically significant, with p < 0.05 in all three cases.   

 



 40 

m
m

LargeMediumSmall

4

3

2

1

0

Cusp Mean Grain Size (sample d included)

 
Figure 9.  Mean Grain Size (MGS) by cusp size with all sample  

points included. 
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Figure 10.  MGS by cusp size, excluding sample (d).  Both MGS and 

variation from the mean are smaller in this case. 
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4.2 Sediment Grain Size Intracusp Relationships  

 For this analysis, the mean grain size of each transect was compared to that of the 

other transects within a cusp.  Sample (d) was excluded because of the higher variability 

associated with that location.  Preliminary two-sample t-test results showed that when (d) 

is included, the difference in means between transects is not significant.  For example, 

when comparing the MD (midpoint) and NA (North Apex) transects for small cusps, a t-

test reveals a p-value of 0.139 when sample (d) is included and a p-value of 0.022 when it 

is excluded.  In every case, intracusp relationships are either weaker or nonexistent when 

(d) is included.  This suggests that the same relationships may not apply at the bottom of 

the swash, or that other interfering factors are present at this location.     

All Cusps 

 When comparing transects within all cusps that were analyzed for sediment 

characteristics, the MD transects had the smallest mean grain size (MGS), followed by 

the S-side and N-side transects.  The NA and SA transects had the largest grain sizes on 

average.   A two sample t-test showed that the difference between the MD transect and 

the apexes was not quite significant at the 95% confidence level, but is considered 

significant (p = 0.064 for MD vs. NA and p = 0.077 for MD vs. SA) at a 93% confidence 

level.    

Small Cusps  

As shown in Table 1 (Figure 11), the mean grain size for sediment in the MD 

transect (midpoint) is smaller than those for any of the other transects and the grain size 

increases in the direction of either apex.  A one-way ANOVA resulting in a p-value of 

0.107 reveals that there is a significant difference between all transects at the 89% 
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confidence level.  A two-sample T-test was then performed to compare the midpoint to 

each apex.  The MD transect was significantly different from both apexes at the 95% 

confidence level with a p-value of 0.022 for the MD vs. NA test, and 0.049 for the MD 

vs. SA test.   

Small Cusps 

Transect 

MGS 

(mm) StDev 
NA 0.86 0.33 

N1 0.69 0.35 

MD 0.58 0.18 

S1 0.65 0.31 

SA 0.96 0.57 

Average 0.75 0.35 

Table 1.  Mean sediment grain size for each transect within small cusps. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 11.  Mean sediment grain size for each transect within small cusps. 

 

Medium Cusps 

 For medium cusps, Table 2 (Figure 12) shows that the MD transects had smaller 

grain sizes on average than the other transects, but a one-way ANOVA with a resulting p-

value of 0.883 reveals that this difference is not significant. A two-sample t-test 
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comparing the midpoint to each apex revealed that while the mean grain size is greater 

for both apexes, the difference was not significant.  This lack of a significant difference 

in means between transects suggests that even though sediment is distributed in a similar 

pattern as in small cusps with the exception of the NA transect, the variance in means 

between transects is not as great. 

 

 

 

 

 

   

 

 

 

    

   Table 2.  Sediment mean grain size for each transect within medium cusps. 

 

 

 

 

 

   

 

 

 

   

  Figure 12.  Sediment mean grain size for each transect within medium cusps. 

 

Medium Cusps 

Transect 

MGS 

(mm) StDev 
NA 0.98 0.48 

N1 1.04 0.76 

MD 0.85 0.47 

S1 0.87 0.43 

SA 1.09 0.97 

Average 0.97 0.62 
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Large Cusps 

 Several of the large cusps contained more than five transects.  Therefore, all 

transects that represent cusp sides (N1, N2, N3, S1, S2, and S3) were combined into two 

populations, one representing the North cusp side transects (N-side) and one representing 

the South cusp side transects (S-side).  

 For large cusps, the distribution pattern of sediment grain sizes is less distinct than 

for the other two size categories (Table 3, Figure 13).  The N-side transects had the 

smallest mean grain size, followed shortly by the midpoint (MD).  The S-side transects 

have the largest mean grain size, while the NA and SA transects had a smaller MGS than 

the S-side but larger than the midpoint (MD).  A one-way ANOVA with a p-value of 

0.308 suggests that the difference in MGS between transects was not significant. As with 

the medium size category, a two-sample t–test comparing the midpoint to each apex 

revealed that while the MGS is greater for both apexes, the difference was not significant.  

There is no clear pattern of sediment grain size distribution for large cusps.  

 

 

 

 

 

 

 

 

 

  

 

  Table 3.  Mean sediment grain size for each transect within large cusps. 

 

 

 

 

 

 

Large Cusps 

Transect 

MGS 

(mm) StDev 
NA 0.68 0.46 

N side 0.52 0.28 

MD 0.55 0.38 

S side 0.84 0.81 

SA 0.63 0.27 

Average 0.64 0.44 
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 Figure 13.  Mean sediment grain size for each transect within large cusps. 

 

 

4.3 Sediment Grain Size across the Foreshore  

For this analysis, all sample points (a), (b), (c), and (d) were included to gain a 

clearer picture of the sediment grain size distribution across the swash zone.  For small 

cusps, the difference in means for the four sample points was significant with a one-way 

ANOVA p-value of 0.000.  The mean for sample (a) was 0.39mm, for (b) was 0.62mm, 

for (c) was 1.25mm, and for (d) was 2.58mm.  Just as the sediment size increased from 

the top to the bottom of the swash, so did the variation in grain size (Table 4).  

Small Cusps 

Sample 

MGS 

(mm) StDev 

A 0.35 0.21 

B 0.62 0.39 

C 1.25 0.76 

D 2.58 1.85 

Avg 1.20 0.80 

Table 4. Sediment mean grain size across the foreshore for small cusps. 
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 The trend of increasing sediment size from the top of the swash to the bottom also 

held true for medium cusps (Table 5).  Again the p-value was significant at 0.000.  Means 

are as follows; (a) = 0.52mm, (b) = 0.84mm, (c) = 1.44mm, (d) = 2.58mm.  Likewise, 

standard deviations also increased from point (a) to point (d). 

Medium Cusps 

Sample MGS (mm) StDev 

A 0.52 0.41 

B 0.84 0.70 

C 1.44 1.19 

D 2.58 2.31 

Avg 1.35 1.15 

Table 5. Sediment mean grain size across the foreshore for medium cusps. 

 

 For large cusps, the difference in means for each sample point was again 

significant with a p-value of 0.000.  The mean for sample (a) was 0.35mm, (b) = 0.63mm, 

(c) = 0.93mm, and (d) = 2.0mm (Table 6).  Standard deviations increase from (a) to (d) 

but in this case, the standard deviation for the c sample location is smaller than that for 

the b location.   

Large Cusps 

Sample MGS (mm) StDev 

A 0.35 0.52 

B 0.63 0.85 

C 0.93 0.68 

D 1.97 1.80 

Avg 0.97 0.96 

Table 6. Sediment mean grain size across the foreshore for large cusps. 
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4.4 Other Physical Parameters 

4.4.a Slope  

For small cusps, the average slope was 6.81º with a standard deviation of 2.8 

(Table 7, Figure 14).  A one-way ANOVA showed that the difference between transects 

is significant with a p-value of 0.006.  The North and South apexes have the highest 

average slope at 7.83º and 7.86º, respectively.  The N1 and S1 transects had smaller 

slopes which were very similar one another; 6.03º and 6.41º, respectively.  The midpoint 

had an average slope of 5.90º. 

 

Small Cusps 

Transect 

Slope 

(º) StDev 
NA 7.83 2.82 

N1 6.03 2.51 

MD 5.90 2.18 

S1 6.41 2.57 

SA 7.86 3.20 

Average 6.81 2.66 

Table 7.  Average slope for each transect within small cusps. 

Small Cusps: Slope (º)
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  Figure 14.  Average slope for each transect within small cusps. 
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For medium cusps, the average slope was 6.03º with a standard deviation of 3.0 

(Table 8, Figure 15).  There does not appear to be a trend as with small cusps.  The N1 

transect had the highest slope at 6.44º followed by MD (6.41º), S1 (5.97º), NA (5.84º), 

and finally SA (5.47º).  A p-value of 0.689 suggests that the difference in slope mean 

between transects is not significant.  A two sample t-test between the transect with the 

highest slope, N1, and that with the lowest average slope, SA, confirmed that the 

difference was not significant with a p-value of 0.228.    

Medium Cusps 

Transect 

Slope 

(º) StDev 
NA 5.84 2.65 

N1 6.44 3.53 

MD 6.41 3.17 

S1 5.97 3.10 

SA 5.47 2.78 

Average 6.03 3.05 

Table 8.  Average slope for each transect within medium cusps. 

Medium Cusps: Mean Slope (º)
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  Figure 15.  Average slope for each transect within medium cusps. 
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For large cusps, the mean slope was 5.77º with a standard deviation of 2.9 (Table 

9, Figure 16).  As with the medium cusps, the difference in means at each transect 

location was not statistically significant, with a p-value of 0.378.  Also like the medium 

cusps, the slope was not greater on the apexes than at the midpoint.  While the North 

apex did have the highest slope on average (6.69º), the South apex was less steep than the 

midpoint, MD, as well as N2 and S3. 

 

Large Cusps 

Transect 

Slope 

(º) StDev 
NA 6.69 2.70 

N1 6.38 3.71 

N2 5.94 2.77 

N3 3.67 3.26 

MD 5.93 3.15 

S1 5.30 2.76 

S2 4.77 3.03 

S3 5.75 0.50 

SA 5.50 2.19 

Average 5.55 2.67 

Table 9.  Average slope for each transect within large cusps. 

Large Cusps: Mean Slope (º)
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  Figure16.  Average slope for each transect within large cusps. 
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 Small cusps had the steepest slope on average at 6.81º (Figure 17).  The 

difference in means between the three size classes was statistically significant.  When 

small cusps were compared with medium cusps, a t-test p-value was 0.020 and when 

compared with large cusps, the p-value was 0.002.  The difference in means between 

medium and large cusps, however, was not significant at p = 0.420.    
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Figure 17.  Average slope for each cusp size class. 

 

 

4.4.b Swash Length (Uprush) 

 For small cusps, the average uprush was 10.9m with a standard deviation of 2.9m 

(Table 10, Figure 18).  The MD transect has the longest uprush at 13.4m followed by the 

N1 and S1 transects with 11.4m and 11.0m, respectively.  Finally, the apexes have the 

shortest uprush, averaging 9.7m for the North apex and 9.2m for the South apex.  The 

MD transects had a significantly larger swash length than either apex (t-test, p = 0.000). 
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Small Cusps 

Transect Uprush StDev 
NA 9.7 2.7 

N1 11.4 3.2 

MD 13.4 3.8 

S1 11.0 2.6 

SA 9.2 2.2 

Average 10.9 2.9 

Table 10.  Average uprush (swash length) for each transect within small cusps. 

Small Cusps Mean Swash Length
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 Figure 18.  Average uprush (swash length) for each transect within small cusps. 

 

 The mean uprush for medium cusps was 9.8m with a standard deviation of 5.0m 

(Table 11, Figure 19).  The uprush lengths do follow a similar pattern as the small cusps, 

with MD having the longest swash length and both apexes having the shortest. Two-way 

t-tests suggest that the difference in means between MD and NA is not quite significant at 

the 80% confidence level with a p-value of 0.255, while that for the MD vs. SA test was 

significant at p = 0.199.  

Medium Cusps 

Transect Uprush StDev 
NA 9.4 4.4 

N1 10.3 5.1 

MD 10.9 5.9 

S1 9.5 5.0 

SA 9.1 4.8 

Average 9.8 5.0 

Table 11.  Average uprush (swash length) for each transect within medium cusps. 
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Medium Cusps Mean Swash Length
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 Figure 19.  Average uprush (swash length) for each transect within medium cusps. 

 

For large cusps, the mean uprush was 11.0m with standard deviation of 4.6m 

(Table 12, Figure 20).  No clear intracusp pattern emerges, although the MD transects 

had a longer swash length on average than either apex.  A t-test reveals that the variance 

in means is significant at an 88% confidence level with a p-value of 0.120. 

Large Cusps 

Transect Uprush StDev 
NA 8.7 3.9 

N1 10.0 3.8 

N2 10.1 4.6 

N3 12.8 7.2 

MD 11.2 4.4 

S1 10.3 3.7 

S2 10.7 3.6 

S3 15.0 5.7 

SA 9.8 4.2 

Average 11.0 4.6 

Table 12.  Average uprush (swash length) for each transect within medium cusps. 
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Large Cusps Mean Swash Length
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  Figure 20.  Average uprush (swash length) for each transect within medium cusps. 

 

 

4.5 Intercusp Macrofaunal Abundance 

 When the three size classes of cusps were compared with each other, medium 

cusps had a much higher number of invertebrates per transect than either small or large 

cusps.  Medium cusps had 42.3 individuals per transect while small cusps has 27.4 per 

transect, and large cusps had 23.4 per transect.  A two-sample t- test reveals that the 

variances in means are significant at p = 0.017 for medium versus small cusps, and p = 

0.000 for medium versus large cusps. The variance in means between small and large 

cusps was not significant, however, with a p-value of 0.311.   

 Also, interestingly, medium cusps had the highest number of individuals per cusp, 

210.0 on average, despite that large cusps often contained more transects, leading to the 

expectation that large cusps would contain the highest number of invertebrates. Large 

cusps had an average of 152.9 individuals per cusp, and small cusps had an average of 
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135.6.  Invertebrate abundance did not increase linearly with an increase in number of 

samples taken. 

 

4.6 Intracusp Macrofaunal Abundance  

4.6.a Overall Abundance  

When all cusps were analyzed together with both species included, the N-side 

transects contained the highest mean number of individuals with 34.7 per transect.  This 

location was followed by MD (31.2), S-side (30.9), SA (30.0), and NA (25.6).  The MD 

transect had a higher per transect average number of invertebrates than either the NA or 

SA apex and the difference in means was significant at the 90% confidence level (α = 

0.2) in both cases.    

 

4.6.b Emerita talpoida 

Small Cusps 

 For small cusps, the N1 transect had the highest number of Emerita, with a total 

of 1,003 total individuals and an average of 34.6 per transect (Table 13, Figure 21).  This 

was followed by MD with a total of 882 (  = 30.4) per transect, NA with a total of 631 

(  = 21.8) per transect, S1 with a total of 532 (  = 18.3) per transect, and finally SA with 

a total of 477 (  = 16.44) per transect.  A Mann-Whitney U test comparing the midpoint, 

MD, with both apexes reveals that the difference in means is significant at the 80% 

confidence level (MD vs. SA; p = 0.163 and MD vs. NA; p = 0.200). 
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Small Cusps 

Transect Total Mean 

NA 631 21.8 

N1 1003 34.6 

MD 882 30.4 

S1 532 18.3 

SA 477 16.4 

Table 13.  Total and average number of Emerita for each transect within small cusps. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 21.  Total and average number of Emerita for each transect within small cusps. 

 

 

Medium Cusps 

For medium cusps, the distribution of Emerita was more scattered (Table 14, 

Figure 22).  N1 had the highest number of Emerita per cusp with a total of 1,183 (  = 

37.0) per cusp.  The S1 and SA transects had only slightly lower averages with 36.8 per 

transect and a total of 1,179 individuals for S1, and 36.7 per transect with a total of 1,173 

for SA.  This was followed by MD with a total of 740 (  = 23.1) and NA with a total of 

701 (  = 21.9).  A Kruskall-Wallis test confirms that the variances are not significant 

with a p-value of 0.966. 
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Medium Cusps 

Transect Total Mean 

NA 701 21.9 

N1 1183 37.0 

MD 740 23.1 

S1 1179 36.8 

SA 1173 36.7 

Table 14.  Total and average number of Emerita for each transect within medium cusps. 

 

 

 

 

 

 

 

 

 

 

 Figure 22.  Total and average number of Emerita for each transect within medium cusps. 

 

 

Large Cusps 

 Among large cusps, the MD transects had the highest per transect average number 

of Emerita with a total of 641 individuals and an average of 22.1 (Table 15, Figure 23).  

This was followed by the N-side and S-side transects with a total of 969 (  = 19.0) and 

890 (  = 17.5), respectively.  The North and South Apexes had the fewest Emerita with 

476 (  = 16.4) for NA and 457 (  = 15.8) for SA.  A Mann-Whitney test was used to 

compare the MD transects with both apexes.  The test was significant at p = 0.1396 for 

the MD vs. SA test and not significant at p = 0.5491 for the MD vs. NA test.  
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Large Cusps 

Transect Total Mean 

NA 476 16.4 

N side 969 19.0 

MD 641 22.1 

S side 890 17.5 

SA 457 15.7 

Table 15.  Total and average number of Emerita for each transect within large cusps. 

 

 

 

 

 

 

 

 Figure 23.  Total and average number of Emerita for each transect within large cusps. 

 

All Cusps 

 When all cusps were analyzed together, the N-side transects contained the highest 

number of Emerita per transect with an average of 28.2 (Table 16, Figure 24).  The MD 

transects also contained a high number of Emerita per transect with an average of 25.1 

per transect.  This was followed by the SA and S-side transects, which had very similar 

averages; 23.4 and 23.2, respectively, and then NA with an average of 20.1 individuals 

per transect.  Man-Whitney tests showed that there was a significant variance in medians 

between the MD and SA transects (p = 0.125) as well as for the MD and NA transects (p 

= 0.064). 
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All Cusps 

Transect Total Mean 

NA 1808 20.1 

N side 3155 28.7 

MD 2263 25.1 

S side 2601 23.2 

SA 2107 23.4 

Table 16.  Total and average number of Emerita for each transect; all cusp sizes included. 
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   Figure 24.  Total and average number of Emerita for each transect; all cusp sizes 

   included. 

 

4.6.c Donax Variabilis  

Small Cusps 

 The per transect averages were very low for Donax (Table 17, Figure 25).  For 

small cusps, the MD transects had a total of 135 individuals with an average of 4.7 per 

transect.  This was followed by the N1 transect with a total of 90 (  = 3.1), NA with a 

total of 2.2 (  = 2.2), S1 with a total of 62 (  = 2.1), and finally SA with a total of 57 (  

= 2.0).  A Kruskal-Wallis test comparing the variance in medians between transects 

suggests that it is not significant (p = 0.455).  A Mann-Whitney U test confirms that the 
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variance in medians between the MD and SA as well as NA transects was not statistically 

significant at the 80% confidence level.   

Small Cusps 

Transect Total Mean 

NA 63 2.2 

N1 90 3.1 

MD 135 4.7 

S1 62 2.1 

SA 57 2.0 

Table 17.  Total and average number of Donax for each transect within small cusps. 

 

 

 

 

 

 

 

 

 Figure 25.  Total and average number of Donax for each transect within small cusps. 

 

Medium Cusps 

 For medium cusps, the highest per cusp average was found at the N1 transect at 

14.4 individuals on average with a total of 461 (Table 18, Figure 26).  The transect with 

the next highest number of Donax per cusp was the S1 transect with a total of 403 

individuals for an average of 12.6 per cusp.  The SA transect, with a total of 356, and an 

average of 11.1 per cusp followed, along with NA (249 total and 7.9 on average) and 

finally MD (222 total, and 6.9 on average).  A Kruskal-Wallis test reveals that the 

variance in transect medians was not significant with a p-value of 0.582. 
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Medium Cusps 

Transect Total Mean 

NA 249 7.9 

N1 461 14.4 

MD 222 6.9 

S1 403 12.6 

SA 356 11.1 

Table 18.  Total and average number of Donax for each transect within medium cusps. 

 

 

 

 

 

 

 

 

 

 

  Figure 26.  Total and average number of Donax for each transect within medium cusps. 

 

Large Cusps 

 Among large cusps, the S-side transect contained the highest mean number of 

Donax per transect with a 7.7 average (Table 19, Figure 27).  The SA cusp also contained 

a high number of individuals with a 6.1 per transect average, followed by MD and NA 

with very similar averages; 4.9 and 4.8, respectively.  Finally, the S1 transect had the 

lowest average at 2.9 per transect.  There appeared to be no clear pattern of distribution 

among large cusps, and the variance between transects was not significant, with a p-value 

of 0.828. 
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Large Cusps 

Transect Total Mean 

NA 141 4.9 

N side 150 2.9 

MD 142 4.9 

S side 391 7.7 

SA 178 6.1 

Table 19.  Total and average number of Donax for each transect within large cusps. 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 27.  Total and average number of Donax for each transect within large cusps. 

 

All Cusps 

 When the three size classes were analyzed together, the S-side transects had the 

highest per transect average number of Donax with 7.6 (Table 20, Figure 28).  The SA 

transect had a slightly lower average, 6.6, followed by the N-side transects with a mean 

of 6.3.  The MD transect followed with a 5.5 per cusp average.  Finally, NA contained the 

fewest individuals per transect; 5.0.  There does not appear to be a distinct pattern in the 

distribution of Donax, and the variance between medians between all transects was not 

significant (p = 0.325).  

 

Large Cusps: Donax per Transect

6.1

7.7

4.9

2.9

4.9

0 1 2 3 4 5 6 7 8 9

SA

S side

MD

N side

NA

T
ra

n
s
e

c
t

# of individuals



 62 

All Cusps 

Transect Total Mean 

NA 453 5.0 

N side 701 6.3 

MD 499 5.5 

S side 856 7.6 

SA 591 6.6 

Figure 20.  Total and average number of Donax for each transect within all cusps. 
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   Figure 28.  Total and average number of Donax for each transect within all cusps. 

 

 

4.7  Macrofaunal Abundance across the Foreshore 

  

All cusps, Emerita and Donax 

For this analysis all sample points (a, b, c, and d) were used.  When comparing the 

total abundance of invertebrates across the swash zone for all cusps, the difference among 

sample locations was tested with a one-way ANOVA and found to be significant with a 

p-value of 0.000.  The (b) sample location (mid-swash) contained the highest mean 

number of invertebrates with 12.6 followed by (a) with 10.4, then, (c) with 7.5, and 

finally (d) with 3.0.   
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When analyzed separately, both Emerita (p = 0.001) and Donax (p = 0.000) 

showed significant differences in sample location but did not display the same pattern.  

For Donax, the (b) location had the highest mean number of invertebrates, followed by 

(c) and (a) which had very similar means.  The (d) location had the fewest individuals.  

For Emerita, the (a) location had the highest mean, decreasing towards (d) at the bottom 

of the swash.      

  

Small Cusps, Emerita and Donax 

One-way ANOVAs were used to compare the difference in means across sample 

locations for each size class.  For small cusps, the variance in means was significant, with 

a p-value of 0.000.  Samples (a) and (b) have very similar averages (10.9 and 10.8, 

respectively).  This was followed by (c) with an average of 5.4 and finally (d) with an 

average of 1.6. 

When separated into species, a differing trend emerges (Table 21, Figure 29). For 

Emerita, a one-way ANOVA resulted in a p-value of 0.000, suggesting that the means for 

all sample locations are significantly different.  The means for Emerita are as follows; (a) 

= 10.8, (b) = 8.5, (c) = 5.2, and (d) = 0.9.  The highest abundance of Emerita is found at 

the top of the swash, decreasing to the bottom of the swash.   

For Donax, the highest abundance is found at sample (b) which corresponds with 

the upper-mid swash.  Means for Donax are as follows; (a) = 0.1, (b) = 2.4, (c) = 0.2, (d) 

= 0.1.  Below point (b), the abundance tapers towards the bottom of the swash.    
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Small Cusps 

Sample 

Point 

Mean # 

Emerita 

Mean # 

Donax 

A 10.8 0.1 

B 8.5 2.4 

C 5.2 0.2 

D 0.9 0.1 

Table 21.  Average number of Emerita and Donax at each sample point across the swash 

for small cusps. 
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 Figure 29.  Average number of Emerita and Donax at each sample point across the 

 swash for small cusps. 

 

Medium Cusps, Emerita and Donax 

For medium cusps, the difference in means between sample points is significant 

with a p-value of 0.000. In this case, however, the (b) sample location has the highest 

mean (16.9) followed by (a) with 13.2, then (c) with 11.7, and finally (d) with 3.7. 

When separated, the two species again were distributed differently from each 

other across the foreshore (Table 22, Figure 30).  For Emerita, the difference in means 

between sample locations was significant with a p-value of 0.016.  As in small cusps, the 

highest abundance was found at the top of the swash, sample (a).  Means at each location 

are as follows; (a) = 11.2, (b) = 9.8, (c) = 9.7, and (d) = 3.1.   
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For Donax, the difference in means between sample points was significant with a 

p-value of 0.000.  As with small cusps, sample point (b) contained the highest abundance 

of Donax on average, 6.9 individuals per sample.  Sample (a) and sample (c) had similar 

means, 1.9 and 1.5, respectively.  Point (d) again contained the lowest average number of 

individuals, 0.5 per sample.      

Medium Cusps 

Sample 

Point 

Mean # 

Emerita 

Mean # 

Donax 

A 11.2 1.9 

B 9.8 6.9 

C 9.7 1.5 

D 3.1 0.5 

Table 22  Average number of Emerita and Donax at each sample point across the swash 

for medium cusps. 
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  Figure 30.  Average number of Emerita and Donax at each sample point across the 

  swash for medium cusps. 

 

Large cusps, Emerita and Donax 

A one-way ANOVA suggests that large cusps also had a significant variance in 

means between transects, with a p-value of 0.000.  Abundance followed a similar pattern 
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as medium cusps with sample (b) having the highest mean at 10.4, followed by (a) with 

7.6, (c) with 5.4, and (d) with 3.3. 

When Emerita was analyzed separately, the distribution did not follow the same 

pattern as it did for the small and medium cusps, although the difference in means was 

still significant with a p-value of 0.000 (Table 23, Figure 31).  For large cusps, the 

average number of individuals was highest at the (b) location, 7.2 individuals per sample.  

This was followed by (a) with an average of 6.6, then (c) with an average of 4.4, and 

finally (d) with an average of 2.5. 

Donax was distributed similarly in large cusps as for medium and small, and the 

difference in means was again significant with a p-value of 0.000.  The average number 

of individuals per sample point are as follows; (a) = 1.1, (b) = 3.2, (c) = 1.0, and (d) = 

0.3. 

Large Cusps 

Sample 

Point 

Mean # 

Emerita 

Mean # 

Donax 

A 6.6 1.1 

B 7.2 3.2 

C 4.4 1.0 

D 2.5 0.3 

Table 23.  Average number of Emerita and Donax at each sample point across the swash 

for large cusps. 

 



 67 

Large Cusps: Invertebrates across the Swash
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 Figure 31.  Average number of Emerita and Donax at each sample point across the 

 swash for large cusps. 

 

 

4.8 Macrofaunal Abundance and Sediment Grain Size 

 To test the correlation between sediment grain size and the abundance of 

invertebrates, all four sample points; (a), (b), (c), and (d) were used.  When comparing 

species separately, the results are much the same.  Both Emerita (Figure 32) and Donax 

(Figure 33) are each negatively correlated with mean grain size.  However, the 

correlation coefficients suggest a stronger correlation for Donax.  The correlation is 

significant for Donax, (Pearson correlation = -0.078, p = 0.030) and for Emerita (Pearson 

correlation = -0.061, p = 0.078). 
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Figure 32.  Correlation between sediment mean grain size and Emerita abundance. 
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Figure 33.  Correlation between sediment mean grain size and Donax abundance. 
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5.  DISCUSSION 

 The objectives of this research were threefold; (1) to test whether the known 

geomorphic characteristics of beach cusps hold true for the Pea Island beach, (2) to 

determine whether a relationship exists between beach cusps and the distribution of 

macrofauna within, and (3) to discuss the implications of such a relationship, particularly 

with regards to management actions such as sand bypassing and beach nourishment. 

 

5.1 Cusp Geomorphology 

 Previous studies have found several physical characteristics that help define 

cuspate formations.  First, sediment grain size is smaller at the top of the swash and 

increases in the seaward direction.  It is also smaller for the embayment portion of cusps 

than for the apexes.  Second, slopes of the embayments are less steep than those of the 

apexes.  Third, due to the slope gradient across a cusp the swash length, also known as 

the uprush distance, is greater for the embayments than the cusps.  Further, because of the 

extended swash length in the embayments, wave energy is dissipated to a greater extent 

making the embayments areas of lower energy than the cusps.  This zone of milder 

energy and smaller sediments is therefore expected to provide a more suitable habitat for 

swash zone filter-feeding macrofauna, leading to the hypothesis that a higher number of 

invertebrates will be found there.     
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Before exploring the macrofaunal distribution within cusps, it was important to 

verify that the known geomorphic relationships held true for cusps on the refuge beach.  

The across-shore sediment relationship held true without exception.  For every cusp size 

class, the mean sediment grain size was smaller at the top of the swash, and increased 

towards the bottom of the swash.   

The intracusp sediment relationship held true for cusps smaller than 50 meters.  

For all three size classes of cusps, grain size at the midpoint transects was smaller on 

average than at the North and South apexes.  However, this association was very strong 

for small cusps and weaker for both medium and large cusps.  Additionally, for medium 

and large cusps, the grain size did not necessarily increase linearly with distance to the 

apexes.  In some cases, the cusp sides had smaller grain sizes than the midpoint, or larger 

grain sizes than the apexes. 

As with the relationship between sediment size and cusp location, the expected 

trend in slope was seen in small cusps, but was either weaker or nonexistent in larger 

cusps.  Large cusps seemed to have a fairly uniform slope throughout, while medium 

cusps were actually slightly steeper at the embayments than at the apexes.  Since swash 

length is a function of beach slope, it is not surprising that the uprush distance also 

displays the expected trend among small cusps, but is weak for medium cusps, and non 

existent for large cusps.     

The results of this study show that the expected physical characteristics of beach 

cusps were well-represented within small cusps, but those larger than 50 meters 

expressed these characteristics to a weaker degree, or not at all.  This raises questions 

about cusp formation, and supports the idea that small cusps may be formed and 
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controlled by different processes than larger ones.  It also raises questions about whether 

larger cusps should be expected to have the same physical characteristics as small cusps. 

It seems as though cusps of all sizes would share similar geomorphic features; 

that sediment would be distributed in a similar pattern throughout all cusps, and that their 

profile would remain similar even on a larger scale.  Keunen (1948) noted that storm 

cusps (defined as 70-120 m) are “practically the same except for size” but previous 

research has not properly addressed this question.  Studies thus far have focused on the 

characteristics of smaller beach cusps.  Sand waves, cusps between 100 and 3,000 meters 

were not even introduced into the scientific literature until the 1950’s (Dolan, et al. 1974) 

and studies regarding their geomorphic characteristics are lacking.  Cusps that fall 

between 30 and 70 meters are generally absent from the literature.  At least along the 

stretch of barrier island where this research was conducted, cusps greater than 50 meters 

deviate from the characteristics that have been described in the literature.    

Other researchers have suggested that differing processes control cusps of 

different sizes.  The smallest cusps, called cusplets, are thought to be a function of swash 

action on the beachface.  The processes forming beach cusps, defined as 3 to 30 meters in 

length, are less clear.  As discussed previously, possible explanations include swash 

processes, the erosion and deposition of berms, as well as the effects of edge waves.  

Sand waves, also known as giant cusps or storm cusps, are part of the beach-bar-trough 

system.  They are associated with the longshore transport system and ideas about their 

formation include the kinematics associated with sediment in the longshore system, 

nearshore circulation cells, and the action of edge waves (Dolan, et al 1974).    
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Additionally, Guza and Inman (1975) noted that two types of cusps exist; those 

derived under reflective beach systems and linked to incident waves that are surging and 

mostly reflected as well as those formed under dissipative conditions where breaking 

waves and nearshore circulation cells are important.  Since the refuge beach is classified 

as an intermediate beach with characteristics of both beach types, it would make sense 

that all cusps are not necessarily formed by the same set of physical processes.  

 

 

5.2  Macrofaunal Abundance  

 It was originally hypothesized that the abundance of macrofauna would be higher 

within the embayment portions of cusps than on the apexes.  This hypothesis was based 

on the assumption that the cuspate formations in this study would conform to the 

expected physical characteristics; smaller grain sizes within cusp embayment than on 

apexes, as well as gentler slopes and longer uprush distances within the embayments. 

Small cusps did conform to these expectations on every account.  Medium cusps 

showed the expected sediment size relationship to a lesser degree, but the slopes were 

slightly steeper than the embayments on average. Large cusps, those greater than 150 

meters, however, showed little to no intracusp relationship between sediment 

characteristics, slope, and uprush.    

 Since small cusps did exhibit the expected trends with regards to physical 

characteristics, it was expected that macrofaunal abundance would be highest in the 

embayment portion of these cusps where they could take advantage of a smaller sediment 

grain size and lower swash energy due to a gentler slope when compared with the apexes.  
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For both Emerita and Donax this was indeed the case although, statistically speaking, the 

trend was stronger for Emerita.   

 For medium size cusps, neither species was concentrated within cusp 

embayments.  Emerita distribution showed no clear pattern, while Donax were highly 

concentrated on cusp sides rather than the embayments.  Interestingly, although large 

cusps did not express the expected physical characteristics of beach cusps, the 

distribution of Emerita within the cusps fit the hypothesis well.  The cusp embayments 

held the highest numbers of Emerita, while the cusp sides had fewer on average, and the 

apexes had still fewer.  This trend was not seen in Donax, however. 

 Both species did exhibit very clear across-shore distributions.  For all cusp sizes, 

Donax were most abundant at the upper-mid swash.  Emerita, on the other hand, tended 

to prefer the top of the swash, with an overall average grain size of 0.42 mm.  This 

preference in grain size by Emerita was also seen by Bowman and Dolan (1985), who 

reported a grain size range of 0.20 – 0.55 mm for E. talpoida.  Comparable data for D. 

variabilis were not found in the literature, but this research suggests that this species of 

Donax preferentially occupies a slightly larger sediment grain size range.  The overall 

mean grain size for the upper-mid swash zone where they were most abundant was 0.69 

mm.  

Since sediment grain size is so strongly correlated with cross-shore location, and 

because grain sizes were significantly different at each cross-shore zone, it is reasonable 

to assume that each species preferentially occupies a slightly different zone within the 

swash based on sediment characteristics.  This trend lends more credence to the 

hypothesis that macrofaunal distributions would be distributed throughout a cusp with 
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regard to sediment characteristics.  Mixed results in terms of both physical characteristics 

and intracusp macrofaunal distribution for cusps larger than 50 meters clearly show that 

sediment characteristics are merely one variable in this complex environment.           

 

5.3  Suggestions for Future Research   

 Mixed results seen in this research help explain why there has not been a clear 

consensus in the literature regarding macrofaunal abundance within cuspate formations.  

Some researchers have noted a higher abundance of certain invertebrate species within 

cusps, while others have found otherwise.  This research clearly shows that whether or 

not invertebrates preferentially inhabit cusp embayments versus cusp apexes is tied to the 

physical characteristics of the cusp.  I am unaware of any other studies that have taken 

both the physical characteristics of a cusp as well as the distribution of macrofauna into 

account simultaneously.    

 For small cusps, the relationship between physical parameters and macrofaunal 

abundance is clear.  However, more research is needed for larger cusps.  It is important to 

learn whether cuspate formations larger than 50 meters exhibit similar characteristics as 

smaller cusps under any conditions.  Carter (1988) noted that cusps are generally more 

well-developed on reflective beaches than dissipative beaches.  Perhaps in purely 

reflective beach systems, larger cusps would more closely mimic those under 50 meters.  

If that were the case it is likely that the macrofaunal relationships seen here in small 

cusps would exist in larger cusps as well.  
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6. IMPLICATIONS  

 One objective of this research was to shed light on how key species of 

invertebrates are associated with beach cusps.  This is an important question because of 

common beach nourishment practices or an activity like sediment bypassing on Pea 

Island.  Typical beach nourishment projects utilize a straight-line sediment disposal 

approach, without regard to the natural geomorphic features of the shoreline or the 

interstitial organisms bound by these physical constraints.    

 It has been suggested by Dolan and Stewart (2006) that ecological impacts could 

be reduced during sediment disposal if sand placement more closely resembled natural 

morphology including crescentic formations.  They have proposed placing sediment on 

the beach in a nodal system that mimics the naturally cusped shoreline.  This type of 

system would not only avoid dumping large quantities of sediment in cusp embayments 

where invertebrate concentrations are higher, but it would also provide the invertebrates a 

physical environment that is more similar to what they experience under natural 

conditions.       

It appears from this research that the two key species of invertebrates do have a 

strong association at least within smaller cusps and under no circumstances did either 

prefer cusp apexes to the inner portions.  While it is recognized that sediment disposal in 

a series of nodes mimicking small cusps is not possible, it would still be beneficial for 

organisms if the disposal mimicked these cusps on a larger scale.   
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In addition to creating a more hospitable environment for interstitial organisms in 

the swash zone, a disposal strategy that incorporates nodes would also leave several seed 

populations intact.  As suggested by Dolan and Stewart (2006), by placing sediment in 

nodes, organisms in the areas between would be available to repopulate the affected areas 

more quickly.  With traditional disposal designs, repopulation can occur only by 

organisms at either end of the disposal or through new recruits. 

Protecting invertebrate populations on the refuge is a priority because they are a 

key food source for migratory shorebirds.  As part of the federal National Wildlife 

Refuge System, management actions on the refuge must be deemed compatible with the 

mission of the refuge.  The Pea Island refuge was established to serve as “a refuge and 

breeding ground for migratory birds and other wildlife” and no action can detract from 

this mission.   

Sand bypassing is a necessity due to dredging and disposal requirements of the 

Oregon Inlet Navigation Channel.  In a generalized way, placing the sand onshore in 

prudent locations mimics natural transport and it offsets a fast-eroding shoreline.  This 

research offers evidence that a new sediment disposal strategy incorporating natural 

crescentic features would improve the likelihood of organism survival and reduce 

recovery time.  Striking this type of balance between a natural system and an engineered 

solution is important for ecosystem health and to further the refuge’s mission.   
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