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Impacts of Sediment Removal from and Placement in
Coastal Barrier Island Systems

By Jennifer L. Miselis,’ James G. Flocks,! Sara Zeigler,' Davina Passeri,' David R. Smith,! Jill Bourque,’
Christopher R. Sherwood,' Christopher G. Smith,' Daniel J. Ciarletta,’ Kathryn Smith,! Kristen Hart,' David
Kazyak,' Alicia Berlin, Bianca Prohaska,? Teresa Calleson,? and Kristi Yanchis?

Executive Summary

On June 24, 2019, Congressman Raul Grijalva of Arizona,
Chair of the House Committee on Natural Resources, sent a
letter to the directors of the U.S. Fish and Wildlife Service and
the U.S. Geological Survey to request their assistance in answer-
ing questions regarding coastal sediment resource management
within the Coastal Barrier Resources System as defined by the
Coastal Barrier Resources Act (Public Law 97-348; 96 Stat.
1653; 16 U.S.C. 3501 et seq.). For the purposes of this response,
coastal sediment resource management refers to the removal of
sediment from one part of a barrier island system for placement
in another part of the coastal system, for either hazard mitigation
(for example, erosion or flood control) or coastal restoration (for
example, expansion or restoration of beach, dune, and [or] marsh
habitats). The specific topics of concern are as follows (para-
phrased from Congressman Grijalva’s letter):

1. Disruption of coastal sediment supply resulting from sedi-
ment removal and placement, including the replenishment
rate of removed sediments and impacts to other compo-
nents of the barrier island system (discussed in sec. 3).

2. Physical and biological impacts of sediment removal and
placement on benthic habitats (discussed in sec. 4).

3. Impacts of sediment removal and placement on fish and
other marine species (discussed in sec. 5).

4. Changes in migratory bird nesting and foraging habitats
resulting from sediment removal and placement (discussed
in sec. 6).

5. Long-term impacts of sediment removal and placement on
physical coastal resiliency (discussed in sec. 7).

'Us. Geological Survey.

2Formerly with the U.S. Fish and Wildlife Service. Currently (2021) with
the National Oceanic and Atmospheric Administration.

*U.S. Fish and Wildlife Service.

To address these five topics, it is essential to begin with
some background information about the terrestrial and submerged
geomorphic components of coastal barrier island systems and the
dominant physical processes that shape and connect them. Barrier
islands and spits (referred to as barrier islands throughout the text)
are wave-constructed landforms, typically parallel to the coast
with a high-energy shoreline facing the open coast and a low-
energy shoreline along the lagoon or estuary. Barrier islands are
dynamic and can change in size, shape, and behavior over time.
Size and shape are mainly changed by the predominance of wave
and (or) tidal processes and the balance between sediment supply
and sea-level change. Given static sea level, a decrease in sedi-
ment supply might cause island narrowing, segmentation, and (or)
rotation of the barrier island’s orientation, whereas an increase in
sediment supply might cause increases in island height and width
or in alongshore growth. If sediment supply is constant, increases
in sea level will result in erosion and landward migration of the
island (called “transgression”), whereas decreases in sea level will
result in increases in barrier height and seaward movement of the
shoreline (aggradation and progradation, respectively). Variations
on these principal behaviors occur when sea level and sediment
supplies are changing.

Barrier island sediment dynamics today (2021) are largely
sustained by natural and anthropogenic processes. Seasonal and
storm-driven changes in wave and current energy and short- and
long-term changes in water level and inlet dynamics result in
natural sediment exchanges among barrier island environments
(namely, the inner continental shelf, shoreface, beach, dunes,
marsh, and estuary). Coastal sediments are moved within and
among these environments by alongshore and cross-shore sedi-
ment transport processes. Sediment removal and placement
activities contribute to these naturally occurring processes.

The following subsections contain summaries of the con-
sensus findings and research gaps that this report identifies as
relevant to the five topics addressing sediment removal and place-
ment impacts. It should be noted that, in addition to the physical
and ecological focus of Congressman Grijalva’s inquiry, sediment
removal and placement could also have economic, cultural, and
recreational impacts, which, though beyond the scope of this
review, could be important to consider in some locations within
the Coastal Barrier Resources System.
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Physical Impacts of Sediment Removal and
Placement on Coastal Sediment Supplies

Barrier islands reflect a balance of the dynamic physical
processes that shape them. Intentional alterations to the coastal
barrier island system through sediment removal and (or)
placement reshape barrier islands and their habitats by altering
(1) wave and current energy at the shoreline, (2) the volume
of sediment exchanged via inlets, (3) alongshore sediment
transport, and (or) (4) the frequency of sediment exchanges
between beaches and back-barrier environments. A review of
the state of the science on the subject revealed the following
considerations:

* Removing sediment from any part of the submerged
barrier island system may alter the position of barrier
island shorelines. However, removal-adjacent shoreline
erosion is more likely if sediment is removed from
within the active system.

* Typically, sediment removal affects barrier island sedi-
ment supplies through the sequestration of sediment in
the borrow area. Instead of contributing to the coastal
sediment budget, sediment that is actively transported
in the system is trapped in the borrow area. The largest
decreases in sediment supply will result from shoreface
and inlet removal actions and will occur downdrift of
the borrow area, sometimes cascading to other bar-
rier islands.

» Sediment can be placed on the shoreface, beach,
dunes, or marsh, or along estuarine shorelines, but it is
usually placed on the beach as part of a beach nour-
ishment project. Regardless of environment, immedi-
ate changes in elevation, extent, and often sediment
characteristics will occur in the placement area.

» Over time, placed sediment may be dispersed to other
barrier island environments and may cause physi-
cal and ecological benefits, such as increased sedi-
ment supply to downdrift beaches and habitat extent.
Placement may also result in adverse effects, such as
altered natural sediment exchanges between barrier
island environments and reduced habitat suitability.

* Various numerical models, from simple empirical
models to complex deterministic models, are used to
predict the success and longevity of sediment removal
and placement activities. Recent work highlights the
importance of considering large scales that go beyond
that of the removal and placement area itself and
include physical and ecological feedbacks to under-
stand the system-wide effects of removal and place-
ment activities on barrier islands and their associated
ecosystems. Our review suggests that process-based,
regional-scale models can sufficiently represent the
important physical and ecological interactions that
occur in coastal barrier island systems. Probabilistic

models may provide the most actionable forecasts
of beneficial or adverse effects because they predict
impact likelihood rather than specific outcomes.

 To preserve the physical and ecological integrity of
barrier island environments, sediment placement
designs can be developed that maximize or restore
natural sediment transport pathways.

There are some uncertainties because of lack of infor-
mation related to either data or fundamental understanding,
including the following:

» Before sediment removal, it is important to estab-
lish the range of natural shoreline variability so that
postremoval variability in shoreline position can be
determined to be normal or abnormal, possibly requir-
ing remediation.

» How long removal reduces barrier island sediment sup-
ply is related to how quickly a borrow area fills up, or
the “rate of infilling.” However, infilling rates depend
on several local factors, making it difficult to determine
when downdrift impacts, such as shoreline erosion,
will occur and how long they will last.

» Regardless of model type, substantial uncertainty sur-
rounds forecasts of the impacts of sediment removal
and placement activities, mostly because of the
episodic nature of the storms that drive many of the
changes and the difficulty in predicting exact magni-
tudes of storm-related sediment transport.

» Compared to the volume of literature on open-coast
sediment management impacts, little documentation
exists regarding the practice of placing sediment on
estuarine or back-barrier shorelines.

+ Existing models that predict the natural response to
sediment-placement activities are often focused on
physical (for example, storm defense) and economic
gains and often neglect effects on coastal barrier island
ecosystems.

Impacts of Sediment Removal and Placement on
Benthic Habitats and Their Importance

Benthic habitats are regions of specific physical, hydro-
dynamic, and sedimentologic characteristics that promote the
colonization of organisms that live in and on the seabed and
are directly and immediately affected by sediment removal and
placement. Impacts include the following:

* Sediment removal can change three principle physi-
cal factors: water depth, sediment composition,
and the hydrodynamic conditions at the seafloor.
These changes can affect habitat quality for benthic
organisms.



+ Changes in benthic habitat type and subsequent
recolonization by organisms more amenable to the new
bottom characteristics may occur when the borrow site
is infilled with sediments that are a different size than
the sediments that were removed.

* Immediate sediment-removal impacts in benthic com-
munities are mortality and reduced abundances and are
related to the physical removal of sediments. Over the
short term, effects are typically characterized by tem-
porary increased abundances of opportunistic taxa and
low diversity in taxa. Longer-term impacts to benthic
communities are typically related to persistent changes
in physical sediment characteristics, such that the more
conditions differ before and after removal, the longer
the benthos will be affected.

* Recovery of benthic communities depends on multiple
physical and biological factors, including location

and depth of sediment removal, the removal footprint,
differences in sediment characteristics before and after
removal, local hydrodynamics, and the composition
of the benthic community. In general, benthic com-
munities recover to preremoval conditions faster when
sediment characteristics before and after removal
closely match.

* In addition to localized changes, sediment removal can
also affect nearby sensitive habitats, including sea-
grasses, corals, and other hard bottoms when sediment
plumes and subsequent sediment deposition smothers
these environments and associated sessile taxa. Studies
have determined these effects are, in general, short
lived and of limited extent.

* Sediment placement impacts on benthic communities
are related to placement location. Beach placement
results in initial mortality through burial and persis-
tent reduced abundances of such taxa as polychaetes,
mollusks, and crustaceans, which are important prey to
foraging shorebirds and surf fish. The impact duration
is related to changes in physical characteristics on the
beach such as beach slope and timing of placement.
Subtidal placement of sediments results in burial and
mortality of sediment fauna and in increased turbidity
and nutrient particulates that can affect nearby sensi-
tive sessile fauna such as corals. Thin-layer sediment
placement in degraded marshes may have a positive
effect by increasing vegetation cover and infaunal
abundance.

Uncertainties in understanding benthic impacts also exist:

» The primary knowledge gap for benthic communities
is how sediment removal and placement affect benthic
ecosystem functioning. Because the infaunal com-
munity can completely differ before and after removal
despite similar abundance, biomass, and diversity,
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the trophic value of the new community to higher
organisms as prey items and foraging grounds is still
not known.

» How efficiently and quickly resident taxa repopu-
late affected areas, and how less-mobile members of
the benthic community repopulate affected areas, is
poorly understood. Additional information is needed
on long-term effects of sediment removal and place-
ment because most environmental impact studies cease
2 years after construction.

 Although impacts to benthic communities from physi-
cal processes such as burial or changes in oceano-
graphic conditions are well documented in the litera-
ture, effects caused by other processes such as changes
in mineralogy or organic content are not as well
studied and could compound habitat alterations with
unknown beneficial or adverse effects.

 Additional research and monitoring efforts may be
needed to evaluate sediment removal and placement
effects where detrimental microbes, harmful algae, or
toxic metals have already been identified.

Impacts of Sediment Removal and Placement on
Fish and Other Marine Species

The effects of sediment removal and (or) placement
on fish and other marine species can be evaluated via a
threat-assessment approach that considers the entire dredg-
ing process:

* Vulnerability to direct entrainment or indirect impacts
of dredging depends, in large part, on an organism’s
mobility relative to the spatial footprint of sediment
removal, which includes equipment and vessels in
addition to changes to the physical environment.
Thus, early life stages (for example, eggs and larvae)
or dormant stages that are more sessile (for example,
burrowing to overwinter by Callinectes sapidus [M.
J. Rathbun, 1896] [blue crabs] and Limulus polyphe-
mus [Linnaeus, 1758)] [horseshoe crabs]) are gener-
ally more vulnerable than adults or mobile juveniles.
Similarly, demersal species are typically more vulner-
able than pelagic species.

* Direct dredging impacts include species entanglement
in buoys or lines that mark projects and physical injury
if struck by transiting vessels working on a project.
Sea turtles, Trichechus spp. (Linnaeus, 1758) (mana-
tee), and sturgeon are susceptible to vessel collisions,
propeller strikes, and (or) crushing because they may
spend a considerable amount of time at or near the
water surface.
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» Impacts due to dredging noises and suspended sedi-
ments vary widely among species and life stages.
In some instances, suspended sediments can have
beneficial effects, but higher concentrations are gener-
ally associated with increased adverse effects. Noise
levels associated with sediment dredging are generally
not strong enough to cause direct mortality or serious
injury, but many sublethal effects, such as alterations
to feeding patterns and predator avoidance, have been
reported in the literature.

* Many adverse impacts to fish from contaminants are
known, but contaminants are generally more prevalent
in finer sediments than in sand and coarser sediments.
Thus, contaminants are likely not a major risk factor
for removal and placement activities in most coastal
marine waters.

» The scale of dredging and placement impact is a func-
tion of the likelihood that the threats from sediment
management operations overlap with occupied habitat
and the degree that the activity affects behavior, physi-
ology, or survival. Thus, potential for impact is par-
ticularly acute when sediment removal and increased
suspended sediment overlaps spatially or temporally
with sensitive habitats (for example, coral reefs), with
migration paths or foraging areas in which species
congregate, or with spawning, nursery, or overwinter-
ing habitats.

Uncertainties stem from knowledge gaps related to

species population information and the interaction of those
populations with the dredging process:

 Given the wide variation in known responses among
fish species and life stages, prevalence of laboratory
studies versus field studies, and existing knowledge
gaps, additional research is necessary to characterize
population-, species-, and community-level effects of
sand mining in situ.

» With a well-planned experimental design, studies of
fine-scale movements in areas where dredge operations
occur could identify taxa that avoid dredging opera-
tions versus those that exhibit no avoidance response
(or taxis) to dredging operations. These studies
could rely on a variety of techniques such as satel-
lite telemetry, three-dimensional acoustic telemetry
arrays, hydroacoustics, or environmental deoxyribo-
nucleic acid.

+ Assessing contaminants in marine sediment deposits
would help ensure that disturbed sediments do not
release toxins into the environment and food chain.

» More on-site research focusing on the actual responses
of a variety of taxa to active sand mining operations is
needed. New tools such as popoff accelerometers allow
researchers to quantify fine-scale activity patterns on
free-ranging animals.

* More research is needed to comprehensively determine
the importance of marine sand deposits and sandbar
morphology as key habitats for all life stages of fish
and other marine species, throughout all seasons.

» Presently (2021), little is known about the extent of
connectivity among sandy habitats for fishes. We have
a limited understanding of how habitat changes at spe-
cific sites may affect populations at the regional level.

 The net population effect of sediment removal opera-
tions is not well assessed, and there is a research need
to determine how project-scale effects translate to
effects on population growth, distribution, and abun-
dance. Generalizing to multiple species will be difficult
because vulnerability depends on life history and
habitat requirements.

* Many species of sharks, skates, and rays rely on shal-
low nearshore coastal habitats as nursery grounds, and
information regarding the effects of sediment removal
and placement on these species is generally lacking.
Direct investigation of the effects of sediment removal
and placement on these species is necessary.

 Effective mitigation of adverse effects at removal and
placement sites is a key knowledge gap that limits the
ability to predict impact and define area closures.

Impacts of Sediment Removal and Placement on
Subaerial Beach Habitats

Sandy beaches provide many important ecosystem
services, including habitat for federally and State-listed plants
and animals, which may be directly or indirectly affected by
sand placement on beaches:

* Beach nourishment can lead to improved sea turtle
and shore/waterbird use by widening severely
eroded beaches.

» Reduced sea turtle nest success is associated with
beach nourishment; on nourished beaches, female
emergences, in which no nest is started or in which a
nest is abandoned mid-dig, tend to increase. Effects
are attributed to the presence of steep slopes or wider
beaches, and higher sediment compactness on nour-
ished beaches. Effects tend to disappear after 1-2 years
as the sediments and profiles of nourished beaches
equilibrate.



» Some studies suggest that beach nourishment can
reduce sea turtle hatching success by increasing the
likelihood that a nest will be washed out on nourished
beaches with artificially low slopes. Nourished beaches
also can cause low hatching success if sand placement
alters the mineral content, gas exchange, temperature,
and moisture of the nest environment during embry-
onic development.

 Extracting materials from shoals, mudflats, and sand-
bars can remove habitats that are vital to overwintering
and migrating shore/waterbirds.

» Losses in the abundance and diversity of seagrass,
macroinvertebrate, and benthic species during the
removal and placement phases of renourishment proj-
ects can propagate up through the food web to shore/
waterbirds, resulting in reduced shore/waterbird popu-
lations on nourished beaches throughout the annual
cycle. Detrimental effects to shore/waterbirds through
the food web can persist for months to several years.
However, the placement of dredged materials can also
provide entirely new foraging grounds for these birds
where such habitats were lacking because of shore-
line erosion.

» Sediment placement can benefit shore/waterbird com-
munities by creating beach and backshore nesting
habitats on eroding shorelines, minimizing vegetation
growth and succession, and providing shell-hash that

Executive Summary 5

effects of beach nourishment on plants, insects, and
other species should be evaluated if broader species
diversity is to be considered in future sediment place-
ment and removal assessments.

Statistically rigorous before-and-after monitoring stud-
ies on species’ population dynamics are needed that
examine species use, survival, and reproductive suc-
cess and productivity throughout the species’ annual
life cycle.

To understand the cumulative effects of multiple sedi-
ment removal and placement actions, the impacts of
repeated nourishment cycles should be evaluated. Most
of the studies we reviewed examined the effects of a
single beach nourishment application on the popu-
lation dynamics of sea turtles and shore/waterbird

prey species.

Evaluating the biological effects of construction, distur-
bance, and other related practices has not been studied
to address the reproductive success of sea turtles and
shore/waterbirds.

Additional research may be needed to more definitively
understand how beach nourishment affects sea turtle
and shore/waterbird reproductive success because
existing studies have presented conflicting results.

camouflages eggs.

* Sediment placement during the shore/waterbird breed-
ing season can harm reproductive success by increas-
ing human disturbance, crushing or burying eggs or
unfledged chicks, reducing prey species, and impeding
access to back-barrier foraging habitats. Many of these
effects can be avoided if nourishment activities occur
outside of the breeding season.

Impacts of Sediment Removal and Placement on
Coastal Resiliency

Coastal resiliency is defined as the ability of a coastal
system to withstand and adapt to perturbations, natural or oth-
erwise. Sediment removal and placement can affect short- and
long-term coastal resiliency, including the following:

 Sediment placement either through nourishment or
emergency sand berms is a short-term strategy that can

For this review, we found only a few studies that evalu-
ated the direct effects of beach nourishment on coastal taxa,
and most of these studies focused on sea turtles and shore-
birds. The following additional areas of research and monitor-
ing may be warranted:

» There are few studies on the topic of sea turtle hatch-

help protect coastal infrastructure and critical habitats
from storm inundation.

 Sediment removal, such as channel dredging, may

increase tide and storm-surge inundation in coastal
embayments, which can adversely affect infrastructure
and habitats.

ling survival, and the results are mixed; most studies
determined beach nourishment did not affect hatchling
success. However, one study determined hatchling
survival was reduced on nourished beaches, though the
relation was not statistically significant. More thorough
research is needed to verify whether hatchling survival
is or is not affected by beach nourishment.

» The impacts of beach nourishment on taxa other than
sea turtles and shore/waterbirds is not well represented
in the literature. A variety of other federally and State-
listed species rely on these sandy habitats, and the

» A few studies suggest that nourishment may be help-
ful in reducing erosion under future sea-level rise;
however, artificially high, nourished dunes may reduce
overwash and deprive back-barrier environments of
deposition needed to keep pace with sea-level rise.

» The effects of sediment removal, such as downdrift
shoreline erosion and reduced sediment supply, may be
worsened by sea-level rise.
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* To assess long-term coastal resiliency, physics-based
and ecological models can be used to predict impacts
of sediment removal and placement, particularly under
scenarios of future storms and sea-level rise.

Uncertainties result from observational and fundamental
research limitations and could be addressed as follows:

* Studies to assess how past and present nourishment of
the beach, dune, and shoreface can improve long-term
barrier island resiliency, especially under future sea-
level rise considerations, would address the question of
whether beach nourishment can help improve longer-
term coastal resiliency through increased overwash
deposition on back-barrier shorelines to aid in barrier
island migration and (or) stability.

+ Studies that evaluate the effects of shoreface nourish-
ment in the context of storm protection and short-term
coastal resiliency can improve understanding of storm
impacts caused by downdrift shoreline erosion from
sediment removal.

 Evaluating the long-term effects of sediment removal
from ebb-tidal deltas or channel dredging would
benefit from identifying primary sediment pathways,
which would improve understanding of erosion and
deposition patterns along adjacent shorelines.

* Analysis of beach nourishment and frequent comple-
mentary activities such as berm construction and sand
fencing on ecosystem connectivity over short and long
timescales requires multiyear monitoring to evalu-
ate ecosystem health and function in situations where
sediment pathways and connectivity may have been
disrupted.

* In order to assess longer-term coastal resilience
impacts to human and ecological communities, it is
important for monitoring and modeling studies of
existing and future sand removal and placement activi-
ties to consider time scales spanning more than 1 year
after construction.

1.0. Overview

On June 24, 2019, Congressman Raul Grijalva of
Arizona, Chair of the House Committee on Natural Resources,
sent a letter to the directors of the U.S. Fish and Wildlife
Service and the U.S. Geological Survey to request their
assistance in answering some questions about coastal sediment
resource management within the Coastal Barrier Resources
System as defined by the Coastal Barrier Resources Act
(CBRA; Public Law 97-348; 96 Stat. 1653; 16 U.S.C. 3501
et seq.). For the purposes of this response, sediment resource
management refers to the removal of sediment from one part
of a coastal barrier island system for placement in another

part of the system, for either hazard mitigation (for example,
erosion or flood control) or coastal restoration (for example,
expansion or restoration of beach, dune, and [or] marsh
habitats). The specific topics of concern are as follows (para-
phrased from Congressman Grijalva’s letter):

1. Disruption of coastal sediment supply resulting from
sediment removal and placement, including the replen-
ishment rate of removed sediments and impacts to other
components of the coastal barrier island system (dis-
cussed in sec. 3)

2. Physical and biological impacts of sediment removal and
placement on benthic habitats (discussed in sec. 4)

3. Impacts of sediment removal and placement on fish and
other marine species (discussed in sec. 5)

4. Changes in migratory bird nesting and foraging habitats
resulting from sediment removal and placement (dis-
cussed in sec. 6)

5. Long-term impacts of sediment removal and placement
on physical coastal resiliency (discussed in sec. 7)

Section 2 of this report provides essential background
information about the terrestrial and submerged geomorphic
components of coastal barrier island systems and the dominant
physical processes that shape and connect them. Sections 3—7
address the topics outlined above by addressing primary
physical and (or) biological/ecological processes pertinent
to each topic, as well as other relevant processes that may
require consideration in certain coastal settings. Each of these
five sections begins with a summary of the consensus find-
ings and (or) research gaps relevant to the topic addressed.
Finally, appendix 1 reviews the physical and biological data
and information required for assessing and monitoring impacts
of sediment resource management practices on coastal barrier
island systems and provides tables of existing U.S. Geological
Survey resources for five Coastal Barrier Resources System
areas of interest (appendix tables 1.1-1.5).

2.0. Introduction to Barrier Island
Sediment Dynamics

Barrier islands and spits (referred to as barrier islands
throughout the text) are wave-constructed landforms, typically
parallel to the coast (McBride and others, 2013; Otvos, 2018),
that have a high-energy shoreline (for example, gulf- or ocean-
facing) and a low-energy shoreline (for example, lagoon- or
estuary-facing) (fig. 1). They form by different mechanisms
(Hoyt, 1967, 1968; Fisher, 1968; Schwartz, 1971), such as
delta-lobe degradation (Penland and others, 1985), shoal
aggradation (Otvos, 1981), or sand spit growth and segmenta-
tion (Leatherman, 1985; Otvos, 1985; Blum and others, 2003;
Rodriguez and Meyer, 2006), and are often perched atop highs
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in antecedent topography (Rampino and Sanders, 1981; Otvos,
1981; Belknap and Kraft, 1985; Locker and others, 2003; Raff
and others, 2018; Shawler and others, 2021). Barrier islands
are dynamic and can change in size, shape, and behavior over
time. Size and shape are mainly changed by the predomi-
nance of wave and (or) tidal processes (Hayes, 1979, 1994;
Davis and Hayes, 1984), and first-order behavior is affected
by a balance between sediment supply and sea-level change
(McBride and others, 2013). Given static sea level, a decrease
in sediment supply might result in barrier island narrow-

ing, segmentation, and (or) rotation, whereas an increase in
sediment supply might result in increases in island height and
width or in alongshore growth (McBride and Byrnes, 1995). If
sediment supply is constant, increases in sea level will result
in erosion and landward migration of the island (for example,
transgression), whereas decreases in sea level will result in
increases in barrier height and seaward movement of the

shoreline (for example, aggradation and progradation, respec-
tively). Variations on these principal behaviors occur when sea
level and sediment supplies are changing.

Most barrier islands were formed by natural processes;
however, sediment dynamics today (2021) are largely sus-
tained by natural and anthropogenic processes. Seasonal and
storm-driven changes in wave and current energy and short-
and long-term changes in water level and inlet dynamics result
in natural sediment exchanges among barrier island environ-
ments (namely, the inner continental shelf, shoreface, beach,
dunes, marsh, and lagoon/estuary; fig. 1). Coastal sediments
are moved within and among these environments by along-
shore and cross-shore sediment transport processes. In general,
alongshore transport magnitudes are driven by breaking wave
height and the angle of the waves relative to the coast. Though
cross-shore transport occurs continuously, increases in wave
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energy (for example, during storms) drive larger exchanges
of sediment among the shoreface, beach, dunes, marsh, and
lagoon/estuary.

Inlets often separate barrier islands in series and provide
a direct pathway of sediment exchange between shoreface and
back-barrier environments. Tidal flows through inlets interrupt
alongshore transport of sediments, which are then stored in
tidal deltas. Ebb-tidal deltas form on the seaward side of the
inlet, and flood-tidal deltas form on the estuarine or bay side
(fig. 2). Tide-dominated inlets tend to have larger ebb-tidal
delta deposits, whereas inlets exposed to an energetic wave
climate tend to have larger flood-tidal delta deposits (Hayes,
1980). Tidal deltas are very dynamic and change in volume
depending on magnitude of water flows through the inlet, on
storm intensity, and on migration of the primary tidal channel.
Ebb-tidal deltas can often sequester more sediment than the
adjacent barrier island shoreface and can release this sediment
either episodically during storms or through long-term supply
(Flocks and others, 2020), referred to as sediment bypassing.
Wave- and tidal current-driven changes in ebb-tidal delta mor-
phology can also alter wave refraction patterns that dictate the
position and depth of the primary inlet channel, the width of
adjacent beaches, the exchange of water between the coast and
estuary, and sediment supply magnitudes to downdrift barrier
islands. Flood-tidal deltas can also act as long-term sinks of
sediment and, in some cases, act in combination with ebb-tidal
deltas to starve downdrift barrier islands of alongshore sedi-
ment delivery over decadal timescales (Nienhuis and Ashton,
2016), a process that can be exacerbated by inlet dredging
and stabilization (for example, Chincoteague Inlet, Hardaway
and others, 2015; and Ocean City Inlet, Leatherman, 1979).
However, over multidecade to centennial timescales, sedi-
ments stored in flood-tidal deltas can be released to the
shoreface during landward barrier migration, helping maintain
resiliency in the face of long-term drivers of change such as
sea-level rise (SLR) (Nienhuis and Lorenzo-Trueba, 2019).

Finally, humans modify sediment dynamics on coasts
through the use of coastal engineering structures, such as
groins along beaches and jetties at inlets. These practices alter
existing sediment-supply pathways, create new pathways,
or both. Humans also alter barrier island sediment transport
through sediment resource management (for example, removal
and placement), commonly for shoreline restoration, or navi-
gation channel maintenance. Sections 3—7 address the impacts
of sediment removal and placement as they relate to the initial
questions posed by Congressman Grijalva.

3.0. Physical Impacts of Sediment
Removal and Placement on Coastal
Sediment Supplies

By Jennifer L. Miselis, Christopher R. Sherwood, James
G. Flocks, Daniel J. Ciarletta, and Christopher G. Smith

Barrier islands reflect a balance of the dynamic physical
processes that shape them. As wave energy and water levels
change, natural barrier island systems adjust their shape (for
example, morphology) through sediment erosion and deposi-
tion, allowing them to mitigate wave energy at the shoreline
during storms, rebuild after storms, and maintain certain
heights and widths that allow the landforms to keep up with
sea level. As such, intentional alterations to the barrier island
system through sediment removal and (or) placement result
in corresponding adjustments throughout the coastal system
as the entire system establishes new balance or equilibrium.
Depending on the magnitude and nature of the changes,
short- and long-term impacts to barrier island resiliency and
ecological function may occur. Terrestrial and (or) submerged
changes in morphology cause changes in wave characteristics
(for example, wave height, angle, and energy) that, in turn,
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reshape barrier islands and their habitats by altering (1) wave
and current conditions at the shoreline, (2) the volume of sedi-
ment exchanged via inlets, (3) alongshore sediment transport,
and (or) (4) the frequency of sediment exchanges between
beaches and back-barrier environments. This section reviews
the physical impacts to barrier island systems resulting from
sediment removal (sec. 3.1) and placement (sec. 3.2).

The main points from this section are as follows:

* Removal of sediment from the submerged barrier sys-
tem, regardless of where it might occur (for example,
from offshore, the shoreface, or an inlet), may alter
the position of barrier island shorelines. However,
removal-adjacent shoreline erosion is more likely if
sediment is removed from within the active coastal
system, defined here as the region in which waves
interact with the seabed frequently over a given period
of time. Before sediment removal, it is important to
quantify the range of natural shoreline variability so
that variability in shoreline position after removal can
be determined to be natural or in excess of natural vari-
ability, possibly requiring remediation.

» Sediment removal affects barrier island sediment sup-
plies most often through the subsequent sequestration
of sediment in the borrow area. Instead of contribut-
ing to the coastal sediment budget, sediment that is
actively transported in the system is trapped in the
borrow area. The largest decreases in sediment sup-
ply result from shoreface and inlet sediment removal
actions and occur downdrift of the borrow area, some-
times cascading to other barrier islands.

» How long sediment removal reduces barrier island sed-
iment supply is related to how quickly a borrow area
fills up, or the “rate of infilling.” However, infilling
rates depend on several local factors, making it difficult
to determine when downdrift effects, such as shoreline
erosion, will occur and how long they will last.

» Sediment can be placed on the shoreface, beach, dunes,
or marsh, or along estuarine shorelines, though the
most common practice is placement on the beach (for
example, beach nourishment). Regardless of environ-
ment, immediate changes in elevation, extent, and
often sediment characteristics will occur in the place-
ment area.

* Over time, placed sediment may be dispersed to other
barrier island environments having physical and
ecological benefits, such as increased sediment supply
to downdrift beaches and increasing habitat extent.
Placement may also result in adverse effects, such as
the alteration of natural sediment exchanges between
barrier island environments and reductions in habitat
suitability. To preserve the physical and ecological

integrity of barrier island environments, sediment
placement designs that maximize or restore natural
sediment transport pathways should be prioritized.

* A variety of numerical models, from simple empirical
models to complex deterministic models, are used to
predict the success and longevity of sediment removal
and placement activities. Recent work highlights the
importance of considering large scales (for example,
beyond that of the removal and placement area itself)
and physical and ecological feedbacks to understand
the system-wide impacts of removal and placement
activities on barrier islands and their associated
ecosystems. Our review suggests that process-based,
regional-scale models can sufficiently represent the
important physical and ecological interactions that
occur in barrier island systems. However, probabilis-
tic models may provide the most actionable forecasts
of beneficial or adverse effects because they predict
impact likelihood rather than specific outcomes.
Regardless of model type, substantial uncertainty
surrounds forecasts of the impacts of sediment
removal and placement activities, mostly because of
the episodic nature of the storms that drive many of
the changes.

3.1. Impacts of Sediment Removal on Barrier
Islands

The nature and scale of physical impacts of sediment
removal on barrier islands are controlled by (1) the relative
location of the place from which sediment is removed (for
example, borrow area) to the barrier island system, (2) the
effect of the borrow area geometry on wave and current
characteristics at the borrow site and shoreface, and (3) the
rate and type of infilling of the borrow area. The next section
addresses shoreline changes immediately onshore or adjacent
to the sediment removal site. Section 3.1.2 addresses effects
of removal on barrier island sediment supplies, which extend
farther afield of the removal area and can affect barrier islands
downdrift.

3.1.1. Effects on Barrier Island Shorelines

Shoreline Changes from Sediment Removal from
Inlet-Associated Shoals

Sediment in inlet-associated shoals, particularly those
within ebb-tidal deltas (fig. 2), are increasingly being consid-
ered for beach nourishment and restoration because they are
economically desirable, are compatible with barrier island
sediment, and are thought to be sediment sinks in the overall
coastal sediment budget (Beck and Wang, 2019). Their prox-
imity to barrier islands makes them easier to access than shelf
deposits (fig. 2). In addition, ebb-tidal shoals are generated
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from barrier island sediment and are exposed to similar wave
energy as beaches and are therefore generally compatible

with beach sediment (Finkl and others, 2007). However, the
effects of ebb-tidal shoal excavation on barrier island shoreline
change are more complex than excavation from offshore or
nearshore sources because they may cascade to more than one
barrier island (discussed in sec. 3.1.2) and can alter the bal-
ance between shoal morphology and adjacent inlet shoreline
behavior (discussed next).

Removal impacts on inlet shorelines are difficult to gen-
eralize or predict. Even without sediment removal, the greatest
changes in barrier island shoreline position occur near inlets
(Davis and FitzGerald, 2004). This is because of the dynamic
feedbacks between waves and tides, ebb shoal shape, and inlet
shoreline position. Inlet environments are dominated by swash
bars (fig. 2), and every adjustment to wave energy or tidal cur-
rent velocities results in changes to the shape of the bars and,
in turn, changes in the magnitude of waves and currents at the
shoreline resulting in almost constant shoreline adjustments.
Therefore, removal of sediment from ebb-tidal deltas can alter
those feedbacks, leading to increases in dynamic behavior
of inlet-adjacent shorelines. It has been suggested that there
may be optimal removal designs that would limit impacts to
adjacent shorelines (Fontolan and others, 2007) just as for
shoreface removal designs (Benedet and others, 2013), but
unfortunately, the magnitude of inlet shoreline changes result-
ing from ebb-shoal sediment removal is largely unknown and,
therefore, challenging to predict. In their evaluation of eight
ebb shoal mining projects along the Gulf and Atlantic coasts of
the United States, Cialone and Stauble (1998, p. 538) stated,
“The opportunity to understand the effects of shoal mining by
evaluating ebb shoal mining projects has been hampered by
limited monitoring data documenting pre-project conditions
and post-project system response. This lack of data has limited
improvement of the engineering design process and assess-
ment of project performance. Regulatory concerns and design
practices cannot be addressed until we have sufficient under-
standing of the impacts of shoal mining on the inlet system.”

It is clear from Cialone and Stauble (1998) that moni-
toring of the dynamics of the inlet system before and after
removal is needed before the benefits and drawbacks of ebb
shoal mining can be determined. Monitoring before removal
captures the range of natural variability, whereas monitoring
after removal can help to determine whether sediment removal
actions result in inlet shoreline changes in excess of estab-
lished natural variability. Recently, shoreline changes adjacent
to Little Egg Inlet, New Jersey, were monitored after removal
of sediment from the ebb shoal in December 2017. The analy-
sis showed substantial erosion of the downdrift inlet shoreline
between 2016 and 2018 and continued erosion from 2018 to
2020 (Stockton University Coastal Research Center, 2019,
2020). However, it is unclear if the erosion was outside of
the range of natural variability. Further, erosion of the down-
drift inlet shoreline might be expected if the removal area
was infilling and preventing sediment from being transported
downdrift. But initial monitoring of the removal area indicated

no infilling occurred as of 2019 (Stockton University Coastal
Research Center, 2019). It is possible that wave energy to the
downdrift inlet shoreline has increased since the shoal mor-
phology was altered. But it is also possible that the shoreline
elevation dataset used to quantify erosion, based on 2016 and
2018 surveys, did not resolve shoreline conditions coincident
with removal that occurred in 2017. Subsequent bathymetric
surveys have shown that 80 percent of the removed volume
has been infilled and, yet, similar magnitudes of downdrift
inlet shoreline erosion continued to occur (Stockton University
Coastal Research Center, 2020). This decoupling of borrow
area infilling and inlet shoreline response suggests the shore-
line is sensitive to changes in some other part of the ebb-tidal
delta morphology and not solely the infilling of the borrow
area. The Cialone and Stauble (1998) analysis, the somewhat
mixed results from Little Egg Inlet, and the general paucity of
scientific and engineering literature that addresses ebb shoal
sediment removal effects on inlets and adjacent shorelines sug-
gests that more research and monitoring is required to under-
stand the feedbacks between changing ebb shoal morphology
and inlet shoreline dynamics.

In addition to impacts associated with ebb-tidal delta
modifications, some effects may result from removing sedi-
ment from flood-tidal deltas (fig. 2). Material dredged from
either navigation channels that dissect the flood-tidal delta
or from its associated shoals may be used as nourishment
material (for example, de Lange and Healy, 1990). However,
because these sediments are generally finer grained than those
found in ebb-tidal deltas, they may be more appropriate for
placement on estuarine shorelines rather than on open-coast
beaches (de Lange and Healy, 1990). Removal of sediment
from flood shoals may result in channel migration and (or)
changes in the position of adjacent estuarine shorelines
(de Lange and Moon, 2017). Likewise, estuarine shoreline
changes (for example, estuarine spit accretion) may result
in changes to tidal delta channels, necessitating dredging to
maintain navigation channels (Velasquez-Montoya and others,
2020). There is comparatively less literature on the impacts
to barrier island environments from sediment removal from
flood-tidal deltas than for ebb-tidal deltas, suggesting flood-
tidal delta removal actions might require more research and
monitoring.

In addition to altering the morphologic feedbacks
between tidal delta shoals and estuarine or barrier island
shorelines, removing sediment from either or both flood- and
ebb-tidal deltas may also lead to changes in water levels
along estuarine and mainland shorelines because of increased
exchange of water between the ocean and estuary (Orton and
others, 2015; Familkhalili and Talke, 2016; Aretxabaleta and
others, 2017; Ralston and others, 2019). This may be particu-
larly pronounced during storms when increased storm-surge
heights and greater landward incursion of surge have been
reported (Familkhalili and Talke, 2016; Ralston and others,
2019). Though increases in estuarine and mainland water
levels have been associated with maintaining inlet channels,
wholly new inlets created during storms do not necessarily
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cause the same response (Aretxabaleta and others, 2017),
though this may highly depend on location and regional
inlet spacing.

Shoreline Changes from Shoreface Sediment Removal

Sediment that is close to the coast, such as in shoreface-
attached sand ridges or the shoreface itself, is less expensive
to remove and transport for placement within the coastal
system than offshore deposits (Finkl and others, 2007; figs. 1
and 3). Therefore, this material has commonly been targeted
as a supply for beach nourishment and coastal restoration.
Furthermore, shoreface sands are considered more compatible
with beach sand, which is important for maintaining the natu-
ral conditions on the barrier and in its associated habitats.

Though economically desirable, extracting sediment from
an active part of a coastal barrier island system often results in
changes to nearby shorelines and beaches, sometimes reduc-
ing the effectiveness of nourishment (Kennedy and others,
2010). Nearshore sediment-removal effects on barrier island
shorelines are related to changes in the local wave climate
resulting from the borrow area itself. Changes in seabed
elevation alter wave characteristics and, when these changes
extend to the surf zone, they modify longshore and cross-shore
coastal currents, resulting in shoreline changes along the coast
onshore of and adjacent to the sediment removal area (Demir
and others, 2004). Depending on the wave climate and bor-
row area characteristics (for example, depth and shape), the
shoreline onshore of and adjacent to a shoreface borrow area
can respond in a variety of ways. Shorelines have moved sea-
ward (shoreline accretion; Combe and Soileau, 1987; Bender
and Dean, 2003) and landward (shoreline erosion; Wang and
Dean, 2007; Bender and Dean, 2003; Demir and others, 2004;
Benedet and List, 2008) because of sediment removal. The
opposite response (erosion or accretion, respectively) often
occurs along the shoreline on either side of the borrow area.
This coupled shoreline erosion-accretion response results

occurs (Demir and others, 2004) because the accumulation
of sediment along one part of the shoreline starves another
stretch of shoreline and vice versa.

The exact locations of removal-related shoreline changes
can be difficult to predict because they can translate up or
down the coast relative to the borrow area location, depending
on the angle of the waves relative to the shoreline (Benedet
and List, 2008), the offshore distance of the borrow area
(Benedet and others, 2013), or the morphologic stability of the
borrow area itself (Desprez, 2000). Furthermore, storm waves,
which often come from a different angle and are far more ener-
getic than fair-weather waves (Michalsen and others, 2008),
increase the magnitude of beach volume change (Benedet and
others, 2013) and may translate zones of erosion and accretion
to parts of the shoreline that were previously stable. Numerical
model simulations suggest that, to reduce impacts to beaches,
shoreface borrow areas should have a shallow excavation
depth (Demir and others, 2004) and a shore-parallel dimension
that is at least four times greater than the cross-shore dimen-
sion (Benedet and others, 2013). However, shoreface sedi-
ment sources are not often uniformly distributed (for example,
shore-oblique sand ridges); thus, it is not always possible to
implement this optimal design in practice (fig. 3).

Shoreline Changes from Inner Continental Shelf Sediment
Removal

Sediment from inner continental shelf sources (fig. 4) has
often been used for coastal sediment management because the
sediment is often considered to be separate from the modern
coastal system. It is thought that nourishment from these
sources represents an increase in sediment supply because
the sediment is derived from features that were deposited
over geologic timescales and subsequently drowned over the
last several thousand years as sea levels rose (Dame, 1990;
Anderson and others, 1992; Kulp and others, 2001; Flocks and
others, 2009; Rogers and others, 2009).
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Because these deposits are often in deeper water where
waves do not interact with the seabed frequently, the shoreline
impacts of inner continental shelf sediment removal are dimin-
ished. Modeling efforts have repeatedly shown that effects on
nearby shorelines are negligible or within the range of natural
variability (Maa and Hobbs, 1998; Zarillo and others, 2009;
Byrnes and others, 2004b; Dalyander and others, 2015). For
example, Stone and others (2004) modeled the effects of min-
ing Ship Shoal in Louisiana and, although they found substan-
tial increases in wave height after mining (20—100 percent),
they concluded that this would not lead to increased erosion
along the Isles Dernieres. Although shelf borrow sites are
often in Federal waters and, therefore, outside of the jurisdic-
tion of the CBRA, it should be noted that, in some cases, inter-
actions between multiple inner continental shelf borrow areas
have been predicted to result in shoreline erosion (Byrnes and
others, 2004a; Maa and others, 2004).

In addition to causing shoreline changes, sediment
removal also has local impacts at the borrow sites. Dredging
removes material (along with any biota), increasing water
depths and exposing previously buried material that may have
different grain size and geochemical properties (Newell and
others, 1998). Additionally, the borrow site may trap sedi-
ment and refill at varying rates (van Dalfsen and others, 2000;
Kobashi and Jose, 2018). In some cases, borrow sites refill
with similar material (van Dalfsen and others, 2000; Byrnes
and others, 2004b, 2010; Simonini and others, 2007), but
many refill with sediment finer than the pre-removal material
(van der Veer and others, 1985; van Dalfsen and others, 2000;
Graca and others, 2004; Fraser and others, 2006). This has
important implications for benthic geochemistry (Graca and
others, 2004) and communities (Simonini and others (2007),
which are fully explored in section 4.

3.1.2. Effects on Barrier Island Sediment Supply

Effects of Sediment Removal from Within the Active
Barrier Island System

Borrow sites within the normally active zone of coastal
sediment transport will become sediment sinks due to equili-
bration of the site itself with waves and currents. Therefore,
infilling of the void left from sediment removal may reduce
the sediment budget available for downdrift beaches result-
ing in downdrift shoreline erosion (Dalyander and others,
2015) further afield than the shoreline changes discussed in
section 3.1.1. The longer a removal area remains a sink, the
longer impacts to downdrift sediment supplies can be expected
to persist, so it can be argued that the rate of borrow area
infilling is important for regulating downdrift effects. Borrow
areas proximal to sediment sources such as rivers infill faster
(Obelcz and others, 2018) than those that rely on longshore
sediment transport alone (Byrnes and others, 2004a, 2004b).
Longshore transport itself is neither consistent nor constant.
Storms, periods of increased storm frequency lasting decades,
disruption in updrift sediment supply through inlet channel
maintenance, or simply a diminishing source of sediment
affect the rate and volume of longshore sediment transport
over time (van Dalfsen and others, 2000; Flocks and others,
2017; Kobashi and Jose, 2018). Therefore, the rate of infill-
ing is difficult to predict because of uncertainty surrounding
the magnitude and variability in longshore sediment supply.
This is demonstrated by the persistence of shoreface borrow
area morphology for more than 20 years at a location thought
to have relatively high sediment transport rates (Schwab and
others, 2014, 2017). Uncertainty surrounding infilling rates
is higher where past sediment sources have been exhausted,
such that transport rates based on geologic or historical data
may overestimate modern rates (Miselis and others, 2015).
These complexities undoubtedly result in weak correlations
between removed volume and infilling rate and the wide span
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of replenishment rates that can range from 5 years for smaller
volumes to hundreds of years for larger volumes (Obelcz and
others, 2018).

For inlet-associated shoals, sediment supply impacts
may simply depend on the dominance of waves or tides at a
particular inlet. Tide-dominated inlets that are not substan-
tially affected by waves are not efficient at passing sediment
downdrift. Their large ebb-tidal shoals generally serve as sinks
for coastal sediment (Finkl and others, 2007); therefore, their
excavation is thought to have little effect on downdrift barri-
ers. On the other hand, wave-dominated inlets, which often
have smaller ebb-tidal shoals, are more efficient at passing
sediment around the shoals, thereby supplying sediment to
adjacent barrier islands. For example, it is broadly accepted
that sediment removal from ebb-tidal delta channels often
leads to downdrift beach erosion because sediment that might
otherwise bypass the inlet becomes trapped in the excava-
tion (Dean and Walton, 1973; Dean, 1991; Montague, 2008;
Finkl, 2012), though Byrnes and others (2010) suggested that
sediment removal from locations other than the channel may
result in less adverse effects. Excavating material from wave-
dominated ebb-tidal shoals for beach nourishment updrift from
the inlet could disrupt sediment bypassing and lead to beach
erosion on barrier islands downdrift, complicating coastal
sediment management, particularly if downdrift barrier islands
are in a different jurisdiction. In addition, if the normal wave
climate is punctuated by high-energy events such as storms,
wave action may periodically activate sand transport from the
ebb-tidal shoal downdrift, providing episodic sand supply to
neighboring barrier islands.

Despite the broadly accepted understanding that ebb-
tidal shoal sediment removal results in downdrift impacts,
there is uncertainty surrounding how long these effects might
persist and how far afield they might occur due to lack of
temporally and spatially relevant monitoring data (Cialone and
Stauble, 1998). In fact, observations from a few locations have
demonstrated a variety of responses. For example, millions of
cubic meters of sand have been extracted from the flood-tidal
deltas, tidal flats, and tidal channels of the Dutch Wadden Sea.
Assessments indicated that infilling rates of borrow sites on
tidal flats were extremely slow and, though infilling of the
borrow site itself was likely faster, the benthic community did
not recover after 15 years (van der Veer and others, 1985).
However, tidal channels recovered in 1-3 years (van der Veer
and others, 1985) suggesting that, in this case, downdrift
effects may not have persisted for very long at this site. In
contrast, postremoval inlet monitoring was conducted at Little
Egg Inlet, N.J., in the United States, where sediment was
removed from an ebb-tidal shoal in December 2017. Despite
expectations that the removal area would gain 90 percent of its
pre-removal volume in 5 years, monitoring data showed con-
tinued erosion in the removal area almost 1 year later rather
than any accumulation (Stockton University Coastal Research
Center, 2019). Given that the location of the sediment removal
site has increased water flow through the inlet channel
(Stockton University Coastal Research Center, 2019), it is

unclear if, or when, infilling of the borrow area may occur or
if, or for how long, downdrift effects from the excavation will
persist. This is important because more recent observations
show that, since 2019, the borrow site has recovered 80 per-
cent of its pre-removal volume and yet downdrift erosion is
still occurring. Continued monitoring will provide insight as
to how this change in the balance between tidal currents and
ebb-tidal shoal morphology will affect future shoal morphol-
ogy and sediment bypassing efficiency that will alter sediment
supply to downdrift barriers. Based on the scarce information
available, borrow area infilling rates may have to be assessed
on a location-by-location basis. Further, the downdrift effects
of sediment removal from ebb and flood tidal deltas, shoals,
and flats could be better quantified to understand the spatial
extent and persistence of removal impacts.

Effects of Sediment Removal from Qutside the Active
Barrier System

In comparison to other environments discussed, continen-
tal shelf environments are relatively quiescent and are out-
side the zone of active coastal sediment transport. However,
higher-than-normal wave energy associated with seasonal
or tropical storms can mobilize sediment there and poten-
tially affect barrier island sediment supplies. For example,
Schwab and others (2017) found that along the Atlantic coast,
storm-induced sediment erosion and deposition on shoreface-
attached sand ridges occurred in water depths as deep as
30 meters (m), which is substantially outside what is normally
thought of as the littoral zone. The storm processes resulted in
movement of sediment onshore, and this flux was necessary to
balance the coastal sediment budget there (for example, out-
puts equal inputs), implying that in establishing offshore limits
of sediment transport at a given location, storm frequency
and intensity should be considered. Furthermore, infilling
of offshore borrow areas on those sand ridges (fig. 3) could
disrupt this episodic, storm-related sediment supply to the
barriers inshore, resulting in a deficit in the sediment budget.
Even without sand ridges, rapid infilling of continental shelf
borrow areas during storms is common (Kennedy and others,
2010; Gongalves and others, 2014). In one case, a volume of
sediment equal to 4 years of longshore sediment transport was
deposited in a borrow site (Kennedy and others, 2010) during
one storm. Because it is likely that any sediment deposited in a
shelf borrow area will be retained (Kennedy and others, 2010),
the result is a permanent loss of sediment from the barrier
island supplies.

Remote Sources or Upland Sources

Though not the focus of this inquiry, sediment from
well outside the barrier system could be used for nourish-
ment. There are no removal impacts to the coastal system
from this practice since no sediment is removed. Any local
effects resulting from mining upland sources is beyond the
scope of this report. Furthermore, sediment supplied from
remote or upland sources will always act to increase the
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inventory of sediment in the system, which is generally
considered beneficial, particularly in sediment-starved loca-
tions. Other advantages to external sources may include lower
cost, less-restrictive permitting, and high-quality material.
Disadvantages may include high transportation costs and
effects associated with transportation (traffic congestion and
road damage).

3.2. Impacts of Sediment Placement on Barrier
Islands

Once removed from a borrow area, sediment is placed
within coastal barrier island systems to mitigate hazards and
(or) to restore coastal environments or ecosystem function.
Depending on the placement objective, sediment may be
placed on the shoreface, beach, foredune, marsh/back-barrier
flats, or along estuarine shorelines. The goal of sediment
placement designs is to support the intended goal without
negative consequences for other parts of the coastal system
(for example, neighboring shorelines, back-barrier regions,
and so on). This section focuses on placement of sediment
in ocean-facing barrier island environments (for example,
shoreface, beach, and dune), the resulting changes in morphol-
ogy immediately near placement (discussed in sec. 3.2.2),
and subsequent alterations of sediment transport pathways
between barrier island environments (discussed in sec. 3.2.3).
Back-barrier, marsh, and estuarine shores are relatively undis-
turbed during sediment placement on or along the open-coast
shoreline but may experience similar impacts if nourished
themselves (discussed briefly in sec. 3.2.2).

3.2.1. Sediment Placement Effects During
Construction

Temporary impacts to open-coast barrier environments
occur during construction and depend on the construction
method. Typically, construction adversely affects recreational
use of the beach because beaches are typically closed during
construction (for example, Frazier, 2020; ABC7 Staff, 2020).
The use of heavy equipment contributes to noise and air
pollution at the construction site. Construction activities are
often conducted on a 24-hour, 7-days-per-week schedule, but
at some projects, construction progresses down the beach, so
activity in front of any single property lasts only a few days
(for example, Manatee County, Florida, 2020; Delmarva Now
Staff Reports, 2019). Heavy equipment may also increase
beach sediment compaction, potentially degrading beach and
nearshore habitats (reviewed in Greene, 2002). Suspended fine
sediment can temporarily decrease water clarity at the bor-
row and placement sites, interfering with food-web dynamics
in beach and intertidal habitats (Manning and others, 2014).
In some cases, placement activities and disruptions may
be prolonged if storms induce changes in beach width and
shoreface profile during construction, as described by Edge
and others (1995) for Folly Beach, South Carolina. Regardless

of the environment in which sediment is placed, the most
immediate effects are changes to the morphology, generally
followed by changes in the location of the placed sediment as
it is distributed to other barrier island environments. All these
changes have the potential to either improve or degrade beach
and nearshore habitats, and these topics are discussed in sec-
tions 5 and 6.

3.2.2. Placement Effects on Barrier Island
Morphology

The objectives of placing sediment within coastal
systems are to reduce storm damage, increase recreational
or other economic benefits, and (or) restore lost or damaged
habitat (Dean, 1988, 2002; Dallas and others, 2012). These
objectives are achieved by strategically placing sediment
so that it increases the elevation and extent of the nourished
or restored environment (National Research Council, 1995;
Dean, 2002) or, in the case of shoreface nourishment, provides
a source of sand and protection from waves (van Duin and
others, 2004). Therefore, any given sediment placement activ-
ity will increase the local sediment budget and can be expected
to elevate and expand the area in which the sediment is placed.
The most common changes in a nourished region are higher
and wider beaches, extended foreshore regions, and, if part of
the design, higher dunes. This section discusses typical open-
coast sediment placement practices and how they change the
morphological and geological characteristics of the placement
site, starting offshore with the shoreface and continuing across
the barrier island to marshes and estuaries.

Shoreface Nourishment

Material placed underwater on the lower shoreface is
termed shoreface nourishment (van Duin and others, 2004)
and can be implemented with or without beach nourishment.
Shoreface nourishments can be divided into stable berms or
feeder berms (van Rijn, 2012). Stable berms are placed in
deep water (greater than 10—15 m) and (or) are constructed
of nearly immobile material and are intended to alter the
waves and currents impinging on the beach. Feeder berms are
intended to act as a supply of sand for adjacent beaches and
tend to migrate onshore, though some remain stable (van Rijn,
2012). Shoreface nourishment projects add sand to the lower
shoreface (outer bars and bar troughs) and are intended to add
to the regional sediment budget, feed sand to the upper shore-
face, and increase wave dissipation (Grasso and others, 2011).

In general, shoreface nourishment has two effects: (1) a
feeder effect, whereby sand is supplied to the upper shoreface
and beach via natural hydrodynamic processes; and (2) a lee
effect, in which the nourishment site itself reduces landward-
directed wave energy, encouraging reductions in sediment
transport away from the target site and ultimately sediment
accumulation (van Duin and others, 2004; Grunnet and
others, 2005); however, in some places, reductions in wave
energy have not resulted in shoreline accretion (Barnard and
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others, 2009). The primary physical changes associated with
shoreface placement are increased volumes and thickness of
material in the lower shoreface (resulting in shallower depths)
and potential changes in grain sizes (Brutsché and others,
2014) and cobble or shell content (for example, Huisman and
others, 2018). Studies of effects of major nourishment proj-
ects in the Netherlands show substantial, multiyear changes

to lower shoreface profiles, including the location, size,

shape, and mobility of nearshore bars (van Duin and others,
2004; Grunnet and Ruessink, 2005; Ojeda and others, 2008).
These profiles eventually returned to their original configura-
tion, though that recovery took anywhere from 8 months to

7 years (Grunnet and Ruessink, 2005; Ojeda and others, 2008;
Brutsché and others, 2014, 2015, 2017), suggesting that the
benefits of this style of nourishment may be fleeting depending
on local physical conditions. Some field and laboratory studies
suggest that shoreface nourishment projects are successful at
feeding sand to the beach (for example, Brutsché and others,
2014, 2015, 2017; Bryant and McFall, 2016; Smith and others,
2017) and are more persistent than beach nourishment proj-
ects (Hoekstra and others, 1997; van Duin and others, 2004;
Grunnet and Ruessink, 2005; Huisman and others, 2019).

In a recent report from the U.S. Army Corps of Engineers
(USACE) that addresses the state of the science on shoreface
nourishment based on results from assessments of shoreface
nourishment success, five topics for further research are identi-
fied (Krafft and others, 2020): (1) winnowing of fines from
placed materials; (2) sediment transport predictions for near-
shore placement projects; (3) turbidity generated by nearshore
placement; (4) combined effects of nearshore and beach place-
ments; and (5) equipment and costs associated with nearshore
placement. This list, coupled with the development of several
modeling tools that have been used to evaluate nearshore
placements and ecological effects (Demirbilek and Rosati,
2011; Johnson and others, 2012; Brutsché and others, 2017),
highlight that the physical and ecosystem impacts of shoreface
nourishment depend on local conditions and mode of place-
ment, and any implementation of such activities in CBRA
environments should be carefully monitored to optimize the
benefits of this relatively new approach.

Beach Nourishment—Beach Profile and Planform Effects
and Sedimentological Changes

Beach nourishment is the most common type of sediment
placement activity in coastal systems. It has become a widely
accepted method for coastal protection in the United States
(Nelson, 1993; Stauble and Kraus, 1993; National Research
Council, 1995; Finkl and Walker, 2002), Europe (Delft
Hydraulics Laboratory, 1987; Hamm and others, 2002; Hanson
and others, 2002), Australia (Cooke and others, 2012), and
China (Luo and others, 2016) in part because it is a method of
“soft” engineering that avoids some of the adverse impacts to
coastal amenities and ecosystems associated with hard struc-
tures. Davison and others (1992) state that beach nourishment
is the preferred alternative for a variety of reasons. First, the

resulting widened beach extends the foreshore and dissipates
wave energy, is esthetically pleasing compared to hard struc-
tures, provides room for recreation, and resets the timescale
for long-term erosion. Also, the placed sand adds to the coastal
sediment budget and benefits downdrift beaches. Finally,
sediment placement projects are flexible and can adjust to
varying water levels and are often lower in cost, which are
spread over a longer time, relative to hard structures (Davison
and others, 1992). In this section, we introduce the concept of
the equilibrium profile, which is the conceptual basis of most
beach nourishment projects and then discuss how nourishment
changes that profile and the planform shape of the beach. A
discussion of sedimentological changes resulting from beach
sediment placement completes this section. The review shows
that although beach nourishment has many benefits, it is pos-
sible to minimize effects to barrier island ecosystems, which is
critical for maintaining the physical and ecological integrity of
the coastal barrier island system.

Equilibrium Profile Concept

The concept of an equilibrium beach profile (Keulegan
and Krumbein, 1949; Brunn, 1954; Dean, 1991; USACE,
2008) is central to the design of nourishment projects (Dean,
2002). The concept is based on an interest in predicting shore-
line position. Wright and others (1985) suggested that there
is an equilibrium shoreline position related to grain size and
wave characteristics, such that when conditions change (for
example, grain size or waves), erosion or accretion will occur
and move the shoreline toward the new equilibrium condition
(fig. 5). In the context of sand placement on a beach, this the-
ory suggests that increases in grain size or decreases in wave
energy will cause the equilibrium shoreline to extend seaward,
whereas decreases in grain size or increased wave energy will
cause the shoreline to move landward. Furthermore, the shape
of the equilibrium beach profile can be related to grain size
(coarser sediment results in steeper slopes; Moore, 1982, cited
in Dean, 2002; Dean, 1991; USACE, 2008), which has been
noted as a characteristic of nourished beaches (Pilkey, 1990),
as discussed in more detail below. Despite the widespread
use of the equilibrium beach profile concept for the design
of many beach nourishment projects, it is continually being
expanded and reevaluated (Miller and Dean, 2004; Yates and
others, 2009, 2011; Davidson and others, 2013; Castelle and
others, 2014; Splinter and others, 2014; Montafio and oth-
ers, 2020). Some authors have argued that adjustments to the
profile are much more complex and that changes in grain size,
subseafloor/beach geology, nearshore currents, and sediment
transport beyond the seaward extent of the equilibrium profile
are important to consider when predicting shoreline posi-
tion and beach morphology (for example, Pilkey and others,
1993; Thieler and others, 1995). Some of these complexities
can be addressed through thorough and robust pre-placement
hydrodynamic and geomorphologic assessments. Appropriate
assessment of shoreface grain size and the wave climate for
a given timescale of interest could reduce the possibility that
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sediment transport would occur beyond the offshore limit

of the equilibrium profile (Ortiz and Ashton, 2016). Also,
geomorphologic assessments could identify the presence of
seafloor (for example, hard bottoms) or subseafloor variabil-
ity (for example, changes in sediment erodibility) that might
limit profile adjustments resulting in actual profile behavior
that differs from predictions (Kinsela and others, 2020).
Appropriately constraining some of the sources of uncertainty
surrounding the equilibrium profile will result in improved
understanding of nourishment project efficacy and longevity.

Beach Profile Changes Resulting from Beach
Nourishment

The primary changes in response to sand placement are
wider, flatter, higher beaches (berms) (Ernest and Martin,
1999; Dean, 2002) with foreshores extending farther offshore.
This artificial increase in the elevation and width of the beach
often results in a beach profile that is not in equilibrium with
prevailing oceanographic conditions. Therefore, the placement
area will begin to adjust to wave, water-level, and current
conditions, sometimes even before the project is complete
and often very quickly thereafter (Pilkey, 1990; Willson and

others, 2017), which may result in a steeper beach configura-
tion (Pilkey, 1990). In some cases, this steeper shape increased
beach erosion because of increased wave energy reaching

the shoreline (Dolan and others, 1973). In other examples,
steepened foreshore profiles caused by mechanical flattening
and widening of the beach may have caused an offshore loss
of material (gravel), resulting in permanent removal of mate-
rial from the sediment budget (Anthony and others, 2011).
Similar redistribution of sandy sediment beyond the shoreface
and onto the inner continental shelf was also demonstrated at
Folly Beach, S.C., and Wrightsville Beach, North Carolina
(Thieler and others, 1999). Finally, as the nourished profile
adjusts toward its new equilibrium slope, beach or dune
scarps can form, which might create hazards or annoyances
for beachgoers (de Alegria-Arzaburu and others, 2013) and
obstacles for nesting turtles (Grain and others, 1995; Rivas
and others, 2016) and for foraging shore/waterbirds (McLach-
lan, 1996; Rakocinski and others, 1996; Peterson and others,
2000a, 2006; Colosio and others, 2007). For any nourishment
activities that occur within CBRA boundaries, designs should
be evaluated thoroughly to ensure their predicted adjustments
will not induce increased shoreline erosion, offshore sediment
loss, or obstacles to human/animal access.

Planform Changes

One of the goals of beach nourishment is to create a
wider beach, so most nourishment projects initially result in
wider beaches over the length of the project per the design
goals (for example, Dean, 2002). But this planform shape
changes over time as placed sand erodes and spreads laterally
along the adjacent shoreline. Coastal engineers have devel-
oped models to represent the retreat and spreading of placed
material, some using simple linear or exponential retreat of
the shoreline (Verhagen, 1993, 1996) and others using slightly
more complicated approaches that account for the angle of
waves relative to the new shoreline and resulting changes in
longshore sediment transport (Pelnard-Considére, 1956). Dean
(2002) provided an analytical solution for an initially rectan-
gular planform and an infinite shoreline, which shows that the
material spreads laterally over time (fig. 6). The modeled sym-
metrical shape is a result of an equal balance in the direction
and magnitude of longshore transport rates (fig. 64). Real-
world changes can be more difficult to predict. First, longshore
transport rates are often dominant in one direction, which
skews the planform adjustment in that direction (Luijendijk
and others, 2017), potentially resulting in uneven impacts to
adjacent shorelines. Second, the longevity of the nourishment
is linked to the spreading rate, or the rate at which sediment is
spread laterally alongshore (Dean and Yoo, 1992). The spread-
ing rate is episodic because it is driven mostly by storms, the
frequency and intensity of which are difficult to predict now
and may be complicated in the long term by climate change
(Emanuel, 2013). The presence of seawalls, groins, jetties, or
inlets will also affect the planform distribution (Dean and Yoo,
1992; Dean, 2002), as seen by Elko and others (2005) at a
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small (about 193,000 cubic meters) nourishment project on the
west coast of Florida. Therefore, to understand the magnitude
and nature of planform changes associated with a nourish-
ment project, important factors to consider are the dominant
direction and variability of longshore transport, storminess
over the life of the project, and the location of existing coastal
engineering structures and inlets.

Building on the insights gained from earlier, simpler
models, many other numerical models have been developed to
plan and evaluate the success of beach nourishment projects,
including shoreline-change models like GENESIS (Hanson
and Kraus, 1989, 2011) and more process-based multidi-
mensional models such as Delft3D (Lesser and others, 2004;
Grunnet and others, 2004; van Duin and others, 2004; List
and others, 2007) and XBeach (Roelvink and others, 2009;
Zimmermann and others, 2015), the latter of which have been
validated against measured planform evolution of nourishment
projects (for example, Bolle and others, 2011; Zimmermann
and others, 2015; Bart, 2017; Luijendijk and others, 2017,
Kroon and others, 2019). In the United States, coastal engi-
neers often use the Coastal Modeling System (Demirbilek and
Rosati, 2011). Recent studies have advocated for consideration
of systems at a large scale to evaluate the effects of dredging,
inlet modifications, or mining ebb shoals (Dabees and Moore,
2011; Roberts and Wang, 2012), which may be important
for evaluating far-field and longer-term effects. It should be
noted that many models simplify coastal systems (Young and
others, 1995; Thieler and others, 2000). This may be more
problematic for locations or environments where physical
and ecological feedbacks are complex because biological
habitat characteristics, such as vegetation density and height,

A, planform shape. B, profile.

are not typically included in even the more advanced models
cited above. Though there have been many advances in the
prediction of the physical evolution of sediment placement on
beaches, it is clear that, to predict impacts to both the physical
environment and coastal habitats, models that can be tuned

to the specific physical and ecological characteristics of the
placement location are needed.

Changes in Beach Sediment Size, Composition, and
Texture

Sediment size and sorting (texture) are important to the
design of nourishment projects because the use of compatible
sediment will help to prevent drastic postplacement changes
in beach elevation and width and will improve the accuracy of
predictions of project performance (Stauble and others, 1985;
Leonard and others, 1990; USACE, 2008). Grain size controls
the mobility of sediment and, as discussed above, affects the
equilibrium beach profile (Dean, 2002), affects the potential
spread rate, and can be used to assess the compatibility of
fill material. The grain-size distribution of placed material
will initially reflect the borrow material but will change over
time as the finer fraction is winnowed from higher-energy
regions (for example, the beach) and transported to lower-
energy regions (for example, the lower shoreface). Guillén and
Hoekstra (1997) found only temporary changes in postnour-
ishment grain-size distribution, whereas modeling of a Dutch
nourishment project, which introduced substantially coarser
sand to the system, indicated that storms reduced the median
grain size by mixing in finer sand from farther offshore or
from underlying substrate (Huisman and others, 2018). The
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extent of changes in postnourishment sediment size will
ultimately depend on how different the placed material is
from the sediment found on the beach naturally. To assess the
suitability of borrowed sediment for placement on the beach,
a parameter called the fill factor is calculated. The fill factor
is the ratio of the volume of sediment required to the volume
of sediment that remains after a new equilibrium state has
been achieved and is a function of the grain-size distribu-
tions of the native and placed sediment (Stauble and others,
1985). However, the methods by which the distributions are
calculated and whether the placed sediment has substantial
amounts of finer-grained sediment or shell can affect the
accuracy of the fill factor, potentially resulting in erroneous
estimates of how long the benefits of nourishment may persist
(Stauble and others, 1985). Furthermore, the idea that grain
size controls the longevity of a nourishment project and that
coarser material will last longer is ingrained in the engineering
literature (for example, Berg and Duane, [1969]; Dean, 1983),
but Leonard and others (1990) found no evidence for this in a
review of beach nourishment projects on the U.S. east coast.
Consistent determinations of grain-size distributions between
native beach sediment and nourishment sediment and the

fine and shell fractions of the borrowed material are needed
before placement to ensure the best predictions of nourishment
longevity.

In addition to changes in grain size and sorting, beach
nourishment may also result in beach sediment compaction,
or a reduction in the void space between sand grains, in two
important ways. First, heavy construction equipment used
during nourishment or subsequent use by recreational vehicles
can increase beach sediment compaction. Tilling is some-
times used to reduce these effects upon project completion.
Second, some barrier islands, such as those on the Mississippi
Delta and the Virginia coast, are underlain by poorly con-
solidated (for example, relatively loose) sediment. Rosati
and others (2006) caution that placing sediment to nourish
islands with similar geology, such as those in New Jersey
and parts of North and South Carolina, could cause compac-
tion of the underlying strata and subsidence, or loss of land
elevation. Rosati and others (2006) used a model to forecast
nourishment-related subsidence, and the results suggested
that single, large nourishment placements are more effective
at reducing land elevation loss than those that place an equal
amount of sediment incrementally over time. Though tilling
may be effective at reducing surface sediment compaction,
only knowledge of the subsurface geology of a barrier island
will provide insight about the likelihood of nourishment-
induced land elevation loss.

In addition to the physical impacts discussed above,
changes in the texture, composition, and compaction of beach
sediment resulting from nourishment can also affect the suit-
ability or quality of beach habitat. For example, Ernest and
Martin (1999) note that, in addition to a different texture,
placed sand can have a different color and mineral composi-
tion, which can affect temperature and moisture content, both
potentially important for turtle nest incubation. They found

that nourished beaches in Florida, which had sharp changes

in beach slope and darker, coarser sediment richer in calcium
carbonate (and thus higher moisture content and tempera-
ture) were less suitable as Caretta caretta (Linnaeus, 1758)
(loggerhead sea turtle) habitat than an adjacent unnourished
control beach. Though this is just one example, more detail
about impacts to habitat resulting from sediment placement on
beaches is discussed in section 6.

Dune Construction and Nourishment

Constructing artificial dunes or enhancing existing dunes
may be the primary form of coastal nourishment and restora-
tion or a part of a larger project. Psuty and Silveira (2013)
classify a wide range of foredune construction approaches,
and stress that morphologic and functional variability is a vital
part of foredune restoration. In natural systems, foredunes
typically form with a characteristic setback from the shore-
line, determined by local wind and wave conditions and by
vegetation. For scenarios in which artificial or rehabilitated
dunes are intended to mimic natural features, sediment may be
placed amongst rows of existing dunes. This may include sand
augmentation from beach scraping, where heavy machinery is
used to move sediment to the base of the dune line (Psuty and
Silveira, 2013). Alternatively, intentionally planted vegeta-
tion or placement of sand fencing may encourage sediment
to accumulate in the backshore (Psuty and Silveira, 2013).

In developed systems, dunes may be constructed seaward of
where natural dunes would occur because fixed infrastructure
often reflects coastal conditions as they existed decades earlier.
In such cases, the primary purpose for a dune is likely to be a
defense against storm-related increases in water level; there-
fore, construction of a high dune seaward of the natural dune
line may be necessary despite the potential for beach sediment
loss caused by increased wave reflection during storms (Dolan
and others, 1973; Psuty and Silveira, 2013; Elko and oth-

ers, 2016).

Dune nourishment may include modifications to support
habitat restoration (Elko and others, 2016). For example, con-
structing or modifying a dune line could include purposeful
notching along the crest line or installation of nonlinear dune
forms to permit storm-driven overwash, allowing the transfer
of beach and dune sediment into the back-barrier environment.
At Assateague Island, Maryland, dune notching was used to
provide habitat for Charadrius melodus (Ord, 1824) (piping
plovers), a species that relies on overwash for habitat creation
and quality (Schupp and others, 2013). Other considerations
in dune sand placement can involve constructing or restor-
ing dune slacks or intradune wetlands, which often provide
habitat for rare and endangered coastal species (Grootjans and
others, 2002). In the long term (decades or more), construc-
tion or modifications that promote natural processes, such as
overwash, can help maintain the morphological integrity of
barrier islands. Rapidly rebuilding dunes without considering
natural processes can disrupt the transfer of sediment through-
out the barrier system, which is critical for maintaining not
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only beaches but also marshes. Ultimately, this disruption may
drive increasingly deleterious morphological and ecological
effects, including enhanced erosion and chronic flooding (Elko
and others, 2016). Our review of the available literature sug-
gests that dune-building and restoration practices that maintain
the coupling between physical and ecological processes in bar-
rier island environments can support storm -defense, habitat
creation and restoration, and the long-term resilience of barrier
islands simultaneously.

Marsh Nourishment

Diverting sediment-rich river water (for example, Allison
and Meselhe, 2010) or mechanically adding thin (a few centi-
meters to 0.5 m) layers of sediment to marsh surfaces (thin-
layer deposition [TLD] or thin-layer placement; Berkowitz and
others, 2019) is intended to restore marsh-surface elevation
(Cahoon and Cowan, 1988; DeLaune and others, 1990; Ford
and others, 1999; Slocum and others, 2005; USACE, 2020).
The TLD process involves spraying a sediment slurry on the
marsh surface such that elevation relative to the tidal range
is optimized for vegetative growth. Sediment used in marsh
restoration is usually fine material suspended in the water
column of adjacent rivers or estuaries or dredged from nearby
channels, sediment that would not be suitable for nourishing
high-energy, open-coast beaches. For example, marsh restora-
tion projects on the Mississippi River Delta use suspended
sediment from the channel of the Mississippi River (Allison
and Meselhe, 2010; Krauss and others, 2017); most of the
sediment filling the restored South San Francisco Bay salt flats
is derived from sediment suspended in the bay (Shellenbarger
and others, 2013); and the sediment filling previously diked
regions in northern San Francisco Bay is suspended sediment
derived from the estuarine turbidity maxima of the Petaluma
River (Ganju and others, 2004). Thin-layer placement is one of
the beneficial uses of dredged material from navigation chan-
nels in most coastal States; examples in New Jersey, Texas,
and the Gulf coast are provided by Lunemann and others
(2017), Randall and others (2000), and Parson and Swafford
(2012), respectively. As of 2012, about 20-30 percent of the
greater than 100 million cubic yards of material dredged from
Gulf coast navigation channels was used to restore marsh
habitat (Parson and Swafford, 2012).

Studies of TLD projects in Mississippi, North Carolina,
and New Jersey suggest that the technique is capable of
elevating marsh surfaces, changing soil chemistry by reduc-
ing hydrogen sulfide, temporarily increasing nutrients, and
sometimes encouraging the growth of intertidal marsh vegeta-
tion (Cahoon and Cowan, 1988; Croft and others, 2006; La
Peyre and others, 2009; VanZomeren and others, 2018). La
Peyre and others (2009) found that above-ground vegeta-
tion decreased in areas that were vegetated before TLD but
that vegetation approached biomass levels of the surrounding
marsh in interior ponds where TLD raised their elevations.
Slocum and others (2005) concluded that the long-term effects
(7 years) of TLD were positive: elevations and above-ground

biomass of Spartina alterniflora (Loisel) (saltmarsh cordgrass)
were increased compared to adjacent untreated marsh. As in
other systems where there is a dynamic balance in sediment
budgets, there is a risk that dredging sediment from nearby
channels to supply sediment for marsh restoration can lead

to increased sediment loss on adjacent tidal flats or marsh
edges (Redfield, 1972; Ganju, 2019), and flow diversion can
cause a loss of river power, leading to shoaling downstream
(Meselhe and others, 2016). Other methods of supplying
sediment to marshes include disposal of dredged material into
shallow tidal channels that feed mud to adjacent marshes or
tidal flats (Baptist and others, 2019). Ganju (2019) cautions
that sediment-transport measurements and models should be
considered to determine if marsh restoration will be success-
ful. It is clear from the literature that the addition of sediment
to marshes can increase their elevation and promote vegetation
growth, but that monitoring before and after the project can
help clarify whether natural sediment supplies to marshes are
adversely affected by the removal and placement of sediment.

Nourishment of Estuarine Beaches

Estuaries and back-barrier environments generally have
lower wave energy than ocean beaches, but nourishment
projects are still susceptible to spreading and loss by wave
action (for example, DeLange and Healy, 1990). Nourishment
projects in lower-energy estuarine environments can create
wider and higher beaches, possibly with different sediment
characteristics, than would occur naturally (Jackson and oth-
ers, 2010). Higher berms can restrict transport of sediment
and fauna between the foreshore and backshore environments.
Also, because nourishment projects in estuarine environ-
ments will likely require finer-grained sediments, they may be
targeted as “beneficial use” sites for sediments dredged from
navigation routes in estuarine bays and creeks (Terwilliger
Consulting, Inc., 2008). In one case in New Jersey, dredged
sediments contained contaminants, which preferentially
bind to finer sediment grains (Thorne and Nickless, 1981;
Witkowski and others, 1987) at levels that could be detrimen-
tal to benthic fauna and shorebirds (Terwilliger Consulting,
Inc., 2008) at the placement site and at any location to which
those sediments were dispersed. Relative to other types of res-
toration considered in this report, there are few studies in the
literature that evaluate the benefits or drawbacks to nourish-
ment of estuarine beaches. Therefore, additional research and
monitoring of placement on estuarine beaches and impacts to
surrounding environments will be needed to achieve the same
level of understanding of open-coast placement impacts.

3.2.3. Effects Beyond the Placement Area

Placing sediment on the barrier can potentially affect bar-
rier island environments offshore of, next to, or even behind
the placement location. This section addresses the nature of
those effects. As soon as the placement project is completed,
and often sooner, waves and currents begin to reshape the
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placed material, transporting sediment seaward, downdrift,
and, in the case of storms, landward. Similarly, onshore winds
transport beach sediment landward to build and grow dunes.
In addition to these physical changes, postnourishment redis-
tribution of sediment may create or destroy natural habitat,
and the ecological effects on benthic and subaerial habitats are
discussed in sections 4 and 6, respectively.

Changes in the Beach Profile/Planform

The tendency of the beach/foreshore profile to return
toward an equilibrium shape moves sand seaward and down-
drift, as discussed above, which often alters barrier island
environments beyond the project area. The seaward movement
of material extends the lower shoreface, thereby changing the
adjacent seafloor and possibly rapidly burying adjacent ben-
thic habitats. If the habitats are not physically buried, seaward
extension of the lower shoreface may result in changes in the
grain-size distribution, mineralogy, and geochemistry of the
seafloor, which, in turn, alters the quality of benthic habitats.
These processes are discussed in more detail in section 4.
Changes in the planform shape of a placement project are
driven by longshore transport, the rate of which is controlled
by wave height, the angle of wave approach to the beach,
and sediment characteristics (Dean, 2002). As noted above,
longshore transport tends to spread placed material laterally,
often with a preferred downdrift direction. The spreading of
placed material to adjacent beaches is generally considered
beneficial to downdrift communities from a physical perspec-
tive (Davison and others, 1992), providing some of the same
erosion-protection and recreational benefits intended for
the placement area. Dean (1988, 2002) determined that the
damage-reduction and recreational benefits of beach nourish-
ment projects increase as material is lost from the placement
site and accumulates at adjacent sites. This transported mate-
rial may alter the morphology and sediment characteristics
of barrier island environments beyond the project area. For
example, sediment transported alongshore away from nourish-
ment projects may be finer than native material, reducing the
local grain size, as found in a nourishment experiment in the
Netherlands (Huisman and others, 2018). Because the value of
each additional foot of beach width decreases with decreasing
width, the loss in benefits as the beach narrows at the place-
ment site may be offset by the gains associated with increasing
beach width at adjacent sites. Material placed near inlets may
result in alongshore island extension of the barrier, growth of
ebb- and flood-tidal shoals, and shoaling in channels, all of
which may affect navigation routes. Oftentimes, as is the case
at Folly Beach, S.C., this downdrift loss of sand is mitigated
with a terminal groin (Kaczkowski and others, 2019). Though
groins and jetties promote updrift accumulation of sediment, at
inlets, they may inhibit inlet sediment bypassing (as discussed
in sec. 3.1.2), thereby starving barriers downdrift. Therefore,
identifying the timing and extent of possible downdrift effects

before nourishment activities, particularly around inlets, will
ensure that adverse impacts to downdrift barriers and habitats
do not outweigh the local benefits of sediment placement.

Changes in Dunes

Aeolian (windblown) sand transport is important for
building coastal dunes (Bagnold, 1941; Pye, 1983; Horikawa
and others, 1986; Nickling and Davidson-Arnott, 1990; Hesp
and Walker, 2013; Davidson-Arnott and others, 2019). Aeolian
transport rates depend on natural factors, such as wind speed,
grain size, moisture content, beach roughness (for example,
pebble and shell lags, and wrack), binding agents (salt crusts,
snow, and ice), algal mats and vegetation cover, beach topog-
raphy, and fetch (Davidson-Arnott and others, 2019; Poppema,
2020). Human obstacles, such as trash, snow/sand fences,
and buildings can also alter acolian sand transport (Davidson-
Arnott and others, 2019; Poppema, 2020). Any modifications
to these controlling factors by beach nourishment can change
aeolian transport and, in turn, dune formation and growth.
Fetch is particularly important, and critical fetch distances (the
distance required to achieve maximum sand-transport rates)
can exceed 100 m on natural beaches (Delgado-Fernandez,
2010). In general, wider beaches aid dune growth (de Vries
and others, 2011, 2012; Silva and others, 2019), and there are
examples of this in the literature. For example, wider beaches
at two large nourishment projects at Bridgehampton, N.Y.,
and Nags Head, N.C., resulted in substantial dune growth
(Kaczkowski and others, 2018). Furthermore, combining
processes that increase aeolian transport rates with those that
anchor sediment for dune formation can be beneficial for dune
growth. At a long-term nourishment project on Long Island,
wider beaches increased sand transport, whereas vegetation
and sand fencing served to anchor sediment, thereby supply-
ing sediment for and promoting dune formation and growth
(Bocamazo and others, 2011). There are differing ideas as
to why wider beaches promote dune growth; some authors
suggest that the main contribution is the protection of dunes
from elevated wave energy during storms (Nordstrom and
Arens, 1998), whereas others report that much of the sand
supplied to dunes originates from the nourished intertidal
region (Hoonhout and de Vries, 2017). Regardless of the exact
mechanism, it follows that either shoreface or beach place-
ment that increases beach width could beneficially affect dune
growth rates if the barrier island sediment supplies persist.

Though wide, nourished beaches generally support dune
growth, other factors should be considered. First, the grain
size and composition of placed sediment may not always
support dune growth. Van der Wal (1998) found that nourish-
ment sands were less suitable for acolian transport because
they were poorly sorted and contained large amounts of shell
fragments. In another study, selective transport of the finer
fraction of poorly sorted, nourished sand altered the grain size
of adjacent dunes (van der Wal, 2000). Also, dune growth
and associated increases in vegetation could impinge on
barrier island habitats, such as for piping plover (Cohen and
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others, 2009; Bocamazo and others, 2011). Furthermore, the
seaward advance of the foredune line and increases in dune
height may result in a more continuous dune line, which could
reduce the transport of material via overwash and via wind

to back-barrier environments (Psuty and Silveira, 2013) and
marshes (Rodriguez and others, 2013). These outcomes may
not be beneficial for the long-term resilience of the barrier
island itself, particularly as sea levels rise (see further discus-
sion of this point in sec. 7.2). Finally, emplacement of an
artificial dune in front of where a natural dune would occur
(as determined by local wind/wave/vegetation conditions),

as well as nourishment/stabilization of the active dune in the
absence of a consistent source of beach sediment delivery,
may lead to deleterious changes to beach morphology. Dolan
and others (1973) found that stabilizing dunes in the North
Carolina Outer Banks resulted in a steepening and shortening
of adjacent beach profiles because beaches were winnowed
and eroded by waves reflected by immobile dunes. In the
early 1970s, the National Park Service recognized this change
occurring in systems where artificial dunes had been con-
structed and maintained since the 1930s, especially at Cape
Hatteras National Seashore where, on average, almost 50 m
of beach had been eroded (Binkley, 2007). Subsequently, the
National Park Service discontinued aggressive dune main-
tenance and nourishment policies at Cape Hatteras National
Seashore in 1973 (Binkley, 2007). In total, the literature sug-
gests that nourishment-related increases in beach width result
in greater aeolian transport to dunes. However, benefits of
dune growth to other parts of the barrier system may be jeop-
ardized by substantial sediment texture differences between
native and placed sediment and (or) the alteration of natural
sediment transport pathways among beach, dune, and back-
barrier habitats.

Changes in Marsh and Other Back-Barrier Environments

Beach nourishment and dune construction can affect
sediment supply to back-barrier and marsh environments.
Beach and dune nourishment/construction will serve to
increase the overall sediment budget of the barrier, resulting
in sediment delivery to back-barrier environments that allow
them to maintain or increase their elevations and continue to
provide ecosystem services. However, the benefit of exces-
sive dune growth is limited. A more continuous or higher dune
line may reduce overwash transport of material (Psuty and
Silveira, 2013), possibly making back-barrier environments
more vulnerable to passive drowning or erosion over decadal
and longer timescales (Magliocca and others, 2011; Rogers
and others, 2015). Models suggest that the morphology of
barrier islands exhibit wider variations through time when
moderate overwash events are eliminated by high, artificial
dunes because eventual narrowing and drowning of the bar-
rier renders the landscape more susceptible to large sediment
displacements during extreme storms (Magliocca and others,
2011). Back-barrier marshes are particularly sensitive to the
fluxes of sediment from beaches and dunes. Too little supply

from overwash can starve the marsh of important inorganic
sediment, thereby limiting increases in marsh surface eleva-
tion (Smith and others, 2013). But too much supply can cause
excessive loading on the organic-rich sediment matrix reduc-
ing marsh elevation and (or) excessive increases in elevation
that make the marsh unsuitable for plant colonization (Walters
and Kirwan, 2016). Additionally, vegetation changes have
been associated with the combined reduction in overwash

and saltspray resulting from dune growth and construction.
For example, woody vegetation has increased behind large,
artificial dunes on Ocracoke Island, N.C. (Schroeder and
others, 1977), a transition that primes the back-barrier eco-
system for “extreme disruption” when dune breaching occurs
(Dolan and others, 1977). Additionally, the construction of
aroad and dunes on Pea Island, N.C., has reduced overwash
and increased vegetation cover (Culver and others, 2006;
Smith and others, 2008), which might reduce habitat quality
for shorebirds (see sec. 6.2 for more details). A reduction in
overwash is not the only process that might limit sediment
supply. Reductions in wind-blown sediment are also a result
of excessively high dunes and have affected not only marshes
but also back-barrier tidal flats (Culver and others, 2006;
Rodriguez and others, 2013). Though constructing large dunes
or creating circumstances that promote excessive dune growth
could protect coastal infrastructure from storms, it is clear that
maintaining or restoring natural sediment transport pathways
is critical for sustainably preserving the physical and ecologi-
cal integrity of back-barrier environments.

Other Changes

In addition to physical impacts to other barrier island
environments, sediment placement may also affect access
and recreational use of the beach and surrounding environ-
ments that may warrant consideration. For example, changes
in sediment composition might lead to a coarsening/harden-
ing of beach sediment and (or) an increase in the temperature
of the beach sand, both of which may hinder user enjoyment.
Morphologic adjustments to the project placement, such as
those discussed in section 3.2.2, may make it difficult for
beach goers to access the water. Furthermore, widening of
the beach may necessitate the expansion of accessibility
measures at public points of access. Nourishment projects
can also affect the quality of surfing conditions. For example,
short-term negative effects on surfability occur as beaches are
steepened by nourishment but are reduced as equilibrium is
restored (Benedet and others, 2007; Hearin, 2012). However,
long-term changes in surfability of open, sandy beaches
may occur if nourishment-related grain size changes persist
(Benedet and others, 2007). In a modeling study, a nourish-
ment project affected the quality of the surf break adversely by
(1) compressing the surf zone, (2) increasing the occurrence
of “closeouts,” (3) shifting the breaker type toward collapsing
breakers, particularly during high tide, and (4) increasing wave
reflection; it took almost 2 years for pre-project conditions to
return (Dally and Osiecki, 2018).
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Post nourishment changes in water clarity have also been
documented at a few locations. Hanes (1994) found that post
nourishment turbidity on a west Florida site (Longboat Key)
was highly variable in space and time and depended primar-
ily on wave conditions. Furthermore, Pagan and others (2018)
attribute increased turbidity after nourishment to rapid break-
down and dissolution of shell fragments and small conglomer-
ate grains in the source material. Perhaps more importantly,
however, nourishment-related changes in water clarity may
have adverse effects on adjacent ecosystems. For example,
Manning and others (2014) studied surf-fish foraging habitat
in wave-tank mesocosms and found that turbidity persist-
ing 4-8 months after beach nourishment reduced feeding of
Trachinotus carolinus (Linnaeus, 1766) (Florida pompano)
on Donax variabilis (Say, 1822) and Emerita talpoida (Say,
1817) (mole crabs). On the other hand, Roman-Sierra and
others (2011) studied a large (0.6 million cubic meter) Spanish
beach-nourishment project and found that the increases in
turbidity during dredging lasted only a few minutes and
affected an area of less than 400 m. Suspended-sediment
concentrations in the surf zone remained at background levels,
and dredging effects on aquatic flora were reversible and had
recovered in 1.5 years. Though explored in more detail in
sections 4 and 5, the studies above suggest that adverse effects
of turbidity on water column and benthic organisms may be
related to how long the reduction in water clarity persists.

3.3. Other Impacts, Opportunities for Further
Research, and Recommendations

3.3.1. Other Physical Processes for Consideration

Biogeochemical Effects Resulting from Sediment Removal
and Placement

In addition to shaping and maintaining the barrier island
system through sediment exchanges, physical processes (for
example, waves, tides, currents, and water-level gradients)
also affect the movement of fluid found in the pore space of
island and seabed sediment. Movement of fluid within the
pore or interstitial space and the exchange of pore water with
the overlying water column can be referred to as benthic
fluid exchange, porewater exchange (Berner, 1980), wave
or tidal pumping (Riedl and others, 1972; Thibodeaux and
Boyle, 1987), irrigation (Boudreau, 1997, chap. 3), sub-
marine groundwater discharge (Cable and others, 1996),
and so on (Taniguchi and others, 2002; Burnett and others,
2003). Movement of these interstitial fluids depends on the
interactions of physical processes and sediment composi-
tion (Riedl and others, 1972; Thibodeaux and Boyle, 1987,
Webster and Taylor, 1992); therefore, any disturbances to
the land surface or seabed that add or remove sediment
have the potential to change interstitial processes (Huettel
and Gust, 1992; Boudreau and others, 2001; Huettel and
Webster, 2001; Huettel and others, 2003; van de Velde and
others, 2018; Ahmerkamp and others, 2020), thereby altering

the biogeochemical framework of the benthic environment
(Boudreau and others, 2001; Burnett and others, 2003).
Biogeochemical processes serve as critical links between
coastal environments (for example, seabed, shoreface, beach,
and dunes) and the biota living there (for example, microbial,
fauna, and flora; Boudreau and others, 2001). At the base

of nearly every ecosystem is the (a)biotic transformation of
organic matter into energy and nutrients for further use within
the ecosystem (Berner, 1980; Schlesinger, 1997). Fundamental
research has addressed the processes controlling interstitial
fluid flow and the consequences of porewater exchange,
constituent transport, and biogeochemical fluxes, but the
application of these scientific concepts to scenarios concern-
ing sediment dredging and (or) placement within barrier
island systems is not well documented. Therefore, modifica-
tions to fundamental fluid flow and biogeochemical processes
represent a knowledge gap with respect to understanding the
consequences of dredging and nourishment in these environ-
ments. In section 4, a brief review of fundamental scientific
concepts is presented as it relates to effects on benthic habitat
and communities.

3.3.2. Opportunities for Future Research

Though numerous studies have focused on the effects
of sediment removal and placement on coastal systems, this
review has revealed a few topics that require more research
and monitoring to better estimate beneficial and adverse
effects of coastal sediment management:

1. Sediment removal from inlet-associated shoals, tidal
flats, and channels and impacts to inlet shorelines and
downdrift sediment supply.

The highly dynamic nature of inlet shoreline processes
and evolution and the uncertain lengths of time associ-
ated with the onset of downdrift effects from sediment
removal and placement make this one of the more
challenging environments in which to assess impacts.
Establishing the range of natural variability of these
systems and a robust monitoring design (see recom-
mendations in sec. 3.3.3) will be essential for identifying
physical impacts from these practices. Also, persistent
removal from shoals for nourishment downdrift repre-
sents a net negative sediment loss to the updrift bar-

rier island, suggesting that studies address choices in
removal and placement locations. Finally, because inlets
are often used for navigation, they are more likely to be
subject to the effects of “soft” (for example, beach nour-
ishment) and “hard” (for example, jetty construction)
coastal engineering practices, which may complicate the
isolation of effects from sediment removal and place-
ment alone.

2. Sediment placement on estuarine or back-
barrier beaches.



Compared to the volume of literature on open-coast
sediment management impacts, very little documenta-
tion exists regarding the practice of placing sediment on
estuarine or back-barrier shorelines. Because sediment
placed on these beaches is likely to be finer grained, a
contaminant assessment should occur before placement
as is often the practice (U.S. Environmental Protection
Agency and USACE, 2004). Additionally, estuarine and
back-barrier shoreline dynamics are controlled by differ-
ent drivers than open-coast beaches, so different impact
monitoring data types, metrics, and frequencies may
have to be identified.

3. Impacts to physical and ecological feedbacks from sedi-
ment placement.

Existing models that predict the natural response to sedi-
ment placement activities are typically focused on physi-
cal (for example, storm defense) and economic gains and
typically neglect effects to barrier island ecosystems. It is
clear from the literature that these sometimes-competing
interests could be more balanced, resulting in a more
realistic representation of sediment placement “success.”
Regional-scale models that account for alterations in
sediment exchanges between barrier island environments
(for example, reduced overwash to back-barrier marsh

or increased aeolian transport to dunes) and include
ecology are essential for a more holistic understand-

ing of impacts of removal and placement on physical-
ecological barrier island systems.

3.3.3. Recommendations for Impact Monitoring
and Evaluation

Robust monitoring of the physical effects of sediment
removal and (or) placement consists of three parts: (1) estab-
lishing pre-action system variability, (2) monitoring effects
over site-specific temporal and spatial scales that account for
physical and ecological processes and hypothesized responses,
and (3) monitoring unaltered sites. Regardless of the environ-
ment from which sediment is removed or in which it is placed,
assessing the effects of the action(s) will be limited without
quantification of the physical and ecological variability of
barrier island systems before the action. Coastal systems,
whether natural or managed, vary seasonally with wave condi-
tions, episodically with extratropical and tropical storms, and
over the long term with natural variations in sediment sup-
ply and water levels. These drivers cause a range of expected
behavior in each barrier island system, and this baseline can
be used to evaluate the nature and scale of postaction effects.
Additionally, to assess the system-wide response to sediment
management, any impact monitoring program should moni-
tor not only the location in which the action has taken place
but also areas downdrift and those in which no changes have
been made as a means of providing a control. Peterson and
Manning (2001) argued that most of what we know about
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beach nourishment is derived from monitoring projects that
do not meet experimental design standards, often concluding
an absence of biological effect when, in fact, the monitoring
design may not have been able to detect those effects. The
same is true for physical processes, so matching the frequency
and spatial scale of monitoring to the physical characteristics
of the barrier island system in question will ensure that all
local and any downdrift impacts can be quantified. Finally,
monitoring unaltered (for example, control) sites is particu-
larly important for understanding barrier system responses

in a changing climate because changing drivers may result in
unprecedented barrier island system responses, leading to lack
of clarity about whether the effect was due to a change in the
driver or the sediment management activity itself. In addition
to these recommendations, we provide a list of relevant moni-
toring data types and metrics capable of assessing removal and
placement effects, beneficial or otherwise, to physical barrier
island environments in appendix 1.

4.0. Impacts to Benthic Habitats and
Their Importance

By James G. Flocks, Jill Bourque, Christopher G. Smith,
Jennifer L. Miselis, and Christopher R. Sherwood

Benthic habitats are regions of specific physical (for
example, hydrodynamic and sedimentologic) characteristics
that promote the colonization of organisms that live in the
seabed and are directly and immediately affected by sediment
removal and placement. Benthic habitats support the ecosys-
tem function of offshore environments. They support com-
mercial and recreational fisheries of finfish and shellfish and
provide prey items to mobile predators such as demersal fish,
shrimps, and crabs that in turn support bioenergetic transfer
to larger fishes, sea birds, sea turtles, and marine mammals
(Hill and others, 2011). Benthic communities are completely
removed or buried during sediment extraction or placement
operations (Byrnes and others, 2004a, 2004b; Xu and others,
2014), and time for recolonization by those communities is
related to the reestablishment of pre-excavation hydrody-
namic, sediment characteristics (for example, infilling), and
additional biological factors. Prolonged or episodic infilling of
the borrow site, or infilling with sediment different than what
was removed (for example, different sediment grain size), will
not only prevent reuse of the borrow area but will also prolong
the ecological effects (Bergquist and others, 2009; McCoy
and others, 2010—as referenced in Xu and others, 2014).

This section discusses the physical changes to the seabed and
associated water column properties resulting from sediment
removal and placement and the resulting impacts to benthic
communities.

Main points from this section are as follows:
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Sediment removal can change three principle physi-
cal factors: water depth, sediment composition, and
the hydrodynamic conditions at the seafloor. These
changes can affect habitat characteristics for benthic
organisms.

Changes in sediment characteristics after sediment
removal, such as a borrow trench infilling with sedi-
ments that are finer in size than what was removed,
may result in a change in benthic habitat type and sub-
sequent recolonization by organisms more amenable to
the new bottom structure.

Immediate impacts in benthic communities from sedi-
ment removal are mortality and reduced abundances
related to the physical removal of sediments. Over

the short term, effects are typically characterized by
temporary increased abundances of opportunistic taxa
and low diversity associated with increased organic
matter released during sediment removal. Longer-term
impacts to benthic communities are typically related to
persistent changes in physical sediment characteristics,
such that the longer postremoval conditions differ from
preremoval conditions, the longer the benthos will be
affected.

Recovery of benthic communities depends on multiple
physical and biological factors, including location and
depth of dredging, the dredging footprint, differences
in sediment characteristics before and after removal,
local hydrodynamics, and the composition of the
benthic community. In general, benthic communities
recover to preremoval conditions faster when postrem-
oval sediment characteristics closely match preremoval
conditions.

In addition to localized changes, sediment removal can
affect nearby sensitive habitats, including seagrasses,
corals, and other hard bottoms through sediment plume
effects (for example, increased turbidity and light
attenuation) and subsequent sediment deposition that
can smother sessile taxa and fragment habitats. Studies
have found these impacts, in general, to be short lived
and of limited extent.

Sediment placement impacts to benthic communities
are related to placement location. Beach placement
results in initial mortality and persistent reduced abun-
dances of prey taxa important to foraging shorebirds
and surf fish, and the length of effects is related to
changes in physical characteristics on the beach (such
as beach slope) and timing of placement. Subtidal
placement of sediments results in burial and mortality
of sediment fauna and increased turbidity and nutri-
ent particulates that can affect nearby sensitive sessile
fauna (for example, corals). Thin-layer sediment

placement in degraded marshes may have a positive
effect by increasing vegetation cover and infaunal
abundance.

4.1. Physical Changes Resulting from Sediment
Removal

4.1.1. Surficial Seabed Changes Resulting from
Sediment Removal

Benthic habitat is a combination of physical (for example,
substrate type and dimension) and biological (for example,
species tolerance and preference) components (Diaz and oth-
ers, 2004). The biological component responds to changes in
the physical component. Removal of sediment from offshore,
the shoreface, or inlet-associated shoals will change three
principle physical factors: water depth, sediment composition
of the seabed, and the hydrodynamic conditions experienced
at the seabed. Changes in depth and waves and their effects on
shoreline configuration and sediment supplies are discussed in
section 3. However, changes in sediment composition within
and around the sediment removal area can change the habitat
characteristics that benthic organisms require. The primary
physical characteristics relevant to benthic habitats are grain
size, stratigraphy, and compaction (Nairn and others, 2004),
which are discussed below. Relatively little information could
be found on other important physical characteristics (Nairn
and others, 2004), such as mineralogy (briefly mentioned
below), hypoxia, and organic content (discussed in sec. 4.1.2).

Grain-size changes occur when buried sediment units
(or strata) with different characteristics are exposed by the
removal process (Nairn and others, 2004). Stratigraphic dif-
ferences are more likely to be within the same sediment size
class (for example, transition from fine sand to medium sand)
because most sediment removal is preceded by some level
of stratigraphic exploration. However, if an entire seafloor
sediment feature is targeted, exposure of underlying sedi-
ments of different character would be more likely. Grain-size
differences may also occur if the borrow area is infilled with
sediments different from the original character of the seabed
(Desprez, 2000; Bergquist and others, 2009; McCoy and
others, 2010—as referenced in Xu and others, 2014), such as
from a decrease in current strength resulting in the deposition
of finer sediments (Newell and others, 1998). In two borrow
areas offshore of South Carolina, Crowe and others (2016)
found that sediments infilling the trench after excavation
shifted to a finer grain size throughout the 6-year monitor-
ing period. A mixed sediment (for example, heterogenous)
site off the French coast became mostly sandy (for example,
homogenous) as tidal currents deposited sand in dredge fur-
rows (Desprez, 2000). In high-energy environments proximal
to estuaries, deposition may be episodic leading to vertical
changes in grain size in the borrow area (for example, alternat-
ing sands and muds; Xu and others, 2014). Prolonged accu-
mulation of fine sediments may lead to a change in bottom



texture or differing rates of postremoval compaction, creating
a change in benthic habitat and subsequent recolonization by
organisms more amenable to the new bottom structure (Newell
and others, 1998; Byrnes and others, 2004b). Monitoring a
dredge pit off the east coast of Florida, Johnson and Nelson
(1985) observed a decrease in sediment grain size from a
medium sand to a fine sand immediately after excavation,
presumably because of the trapping of finer-grain-size sedi-
ment by the trench. Comparing faunal assemblages within the
trench to those outside of the trench, they found that abun-
dance decreased initially but returned to normal conditions
after 12 months. However, they found that the dominant spe-
cies shifted from crustaceans and bivalves to polychaetes. The
dominance of polychaetes continued beyond 12 months after
excavation (see also sec. 4.2). Particularly for removal sites
that are very deep, accumulation of fine sediments or organic
material may also promote anoxic or hypoxic (for example,
low or no oxygen) conditions, which would deter recov-

ery of the benthic community (Byrnes and others, 2004b).
Mineralogical changes can occur after sediment removal, such
as differing ratios of sand (for example, quartz) and shell (for
example, carbonate), though it is unclear how this might affect
the benthic community (Xu and others, 2014).

Grain-size changes can also occur outside the site of sedi-
ment removal. A study by Newell and others (1998) found that
80 percent of the sediment plume created by sediment removal
was deposited within a few hundred meters of the borrow site.
Furthermore, during prolonged or recurring sediment removal
activities, originally heterogeneous seafloor texture adjacent to
the borrow site may be blanketed by more highly sorted target
sediment from the borrow site (Desprez, 2000). This is partic-
ularly common when finer-grained overburden sediments are
cast aside to access sandy sediments beneath them. Depending
on the thickness and persistence of these changes in surficial
sediment characteristics outside of the borrow area, benthic
communities adjacent to the borrow zone may be buried and
(or) their continued colonization of the seabed may be deterred
(see sec. 4.2.3 for more information).

4.1.2. Potential Effects to Sediment and
Porewater Biogeochemical Framework

Biogeochemical processes serve as critical links or inter-
mediaries between physical coastal environments (such as,
seabed, shoreface, beach, and dunes) and the biota living there
(such as, microbes, flora, and fauna). At the base of nearly
every ecosystem is the (a)biotic transformation (recycling)
of organic matter into energy and nutrients (for example,
organic matter remineralization) for further consumption
within the ecosystem. In settings where seabed sediments are
often permeable and low in organic matter, as is common in
barrier island settings, changes to seabed composition from
either removing or adding sediment can perturb the biogeo-
chemical processes driving organic matter remineralization.
As such, these perturbations ultimately affect the conversion
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of organic matter to energy and other biologically available
constituents and thus affect the energy balance throughout the
benthic-pelagic food web (Rusch and others, 2000; Boudreau
and others, 2001; Precht and Huettel, 2003; Jahnke and others,
2005; Ahmerkamp and others, 2020). Unfortunately, few stud-
ies, if any, have examined the effects of sediment removal or
placement on interstitial fluid flow, or flow between sediment
grains, and associated effects on biogeochemical processes;
however, numerous scientific investigations have been
conducted on physical and biogeochemical processes within
permeable sediments. These studies (for example, Rusch and
others, 2000; Precht and Huettel, 2003) provide fundamental
knowledge about the effect of sediment texture/composition,
water column, interstitial physical processes, and (bio)geo-
chemical boundary conditions on the resulting biogeochemical
framework and therefore are transferable to barrier island and
other nearshore settings including those that have been modi-
fied (Hannides and others, 2019).

In coastal and shelf sediments, increases in grain size
correspond to decreases in overall organic matter content but
an increase in organic matter degradability, thus reflecting the
importance of efficient inorganic matter remineralization in
permeable sediments as an energy source to nearshore food
webs (Boudreau and others, 2001; Jahnke and others, 2005).
Furthermore, the oxidation of organic matter has substan-
tial implications for nutrient cycling (for example, carbon,
nitrogen, phosphorous, iron, and magnesium), metal and
(or) contaminant mobility, and the overall (bio)geochemical
framework (Jahnke and others, 2005; Rusch and others, 2006;
Ahmerkamp and others, 2020). Much of our knowledge on
organic matter cycling in permeable coastal sediments comes
from observational studies on large sand flats such as those
found in the North Sea (Rusch and others, 2000; Ahmerkamp
and others, 2020), an open shelf setting like the South Atlantic
Bight region (Jahnke and others, 2005), coastal aquifers (Roy
and others, 2010, 2011) and (or) experimental laboratory stud-
ies (Precht and Huettel, 2003), rather than barrier islands.

The effect that sediment removal (or placement) may
have on organic matter remineralization will largely depend
on changes in sediment texture and (or) composition, seabed
morphology, sediment layer thickness, and the initial bio-
geochemical or reduction-oxidation conditions (Jahnke and
others, 2005). Huettel and Rusch (2000) found that in settings
with active surface water and pore-water exchange, increasing
the permeability (and median grain size) of sediment resulted
in an increase in the total amount of organic matter tracer
retained in pore spaces/sediment, a decrease in the amount of
organic matter in the water column, and an increase in overall
organic matter degradation. In a similar laboratory experi-
ment, Ahmerkamp and others (2020) found rates of oxygen
respiration and denitrification (in other words, oxic and sub-
oxic metabolic pathways) expectedly increased as microbial
abundance increased; however, microbes tended to increase as
sediment shape became more irregular rather than as a simple
function of permeability. Conceptually, the results of these
studies suggest a change in seabed sediment texture (median
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grain size and shape), such as that resulting from sediment
removal or placement, could affect the flux of particulate
organic matter across the seabed-water interface, its retention
in pore spaces, and the rates at which microbial communities
use it, all of which affect food and nutrients available to lower
trophic levels.

4.1.3. Water Column Changes from Sediment
Removal

An increase in the concentration of suspended particles
in the water column during excavation activities (for example,
sediment plumes from cutterhead dredges and spillover from
hopper barges) decreases water clarity and quality. Water
column sampling and acoustic Doppler current profilers have
been used to monitor plume concentration and migration dur-
ing dredging activities. A monitoring study by Hitchcock and
Bell (2004) found high variability in sediment plume transport
and turbidity, and sediment concentrations ranged from 5 to
120 times background levels (predredge settled conditions) up
to 750 m from the dredge site. Overall, their study concluded
that, although it is difficult to measure, the overall effect of
increased turbidity during dredging activities is short lived and
of limited areal extent. However, removal of sediments over or
underlain with fine-grained sediments may produce prolonged
and larger turbidity plumes (CSA International, Inc., 2010),
and prolonged exposure of benthic communities and habitats
to higher turbidity can increase stress and reduce tolerance
to other negative effects (Hitchcock and Bell, 2004). In some
monitoring studies, organic material entrained in the sediment
plume outside of the active dredging area enhanced benthic
production, provided that contaminants are not also introduced
into the water column simultaneously (Newell and others,
1998). The dispersal of suspended sediments can reduce local
oxygen levels within the water column (CSA International,
Inc., 2010), although any reduction would be short-lived and
diluted when compared to potential hypoxic conditions within
the enclosed dredge pit.

4.2. Benthic Community Changes Resulting from
Sediment Removal

Sediment removal is most commonly used for one of
two purposes: dredging of navigation channels where the
location of dredging is fixed, or extraction for use in beach
nourishment or other infill where an appropriate source with
sediment characteristics similar to the target placement area
is identified. Benthic communities include sediment dwell-
ing and sediment-surface dwelling invertebrate taxa (such as,
polychaetes, molluscs, crustaceans). Multiple reviews have
assessed the impacts to benthic communities from sediment
removal (for example, Greene, 2002; Nairn and others, 2004;
Newell and others, 2004; Bergquist and Crowe, 2009; Michel
and others, 2013; Fraser and others, 2017). Overall impacts to
benthic communities and their recovery trajectory depend on

multiple physical and biological factors, including the location
and depth of dredging, area of dredging, differences in sedi-
ment characteristics before and after removal, hydrodynamics,
and the composition of the original biological community.

4.2.1. Short-Term Removal Effects

Immediate impacts to benthic communities from sedi-
ment removal activities are related to the extraction of sedi-
ments, which removes surficial sediments and associated
fauna. Extracting sediment reduces abundance, number of
species, and biomass; estimates of declines in abundance
range from 45 to 88 percent and declines in species richness
range from 25 to 60 percent (see Michel and others, 2013).
Removing sediments can also include the removal of biogenic
structures such as worm tubes used by other taxa for habitat
(CSA International, Inc., 2010). Postremoval seabed shape,
depth, and light conditions can change, disrupting the exist-
ing benthic community and provoking change in community
assemblages, or the abundance and composition of taxa. On
local scales, the extraction location can have a substantial
effect on recovery of communities. For example, adjacent sand
shoals can harbor different sediment communities, and further
community differences can occur among the leading edges,
crests, trailing edges, and swales where subsequent infill
processes will differ (CSA International, Inc., 2010). Recovery
of infaunal communities follows a typical pattern related to
the disturbance of the seafloor (Rhoads and others, 1978; Hill
and others, 2011), and changes in sediment texture could slow
recovery of infaunal abundance and diversity (Byrnes and
others, 2004a). Infauna recolonization predominantly occurs
through larval recruitment (CSA International, Inc., 2010), and
estimates of lateral movement from adjacent sediments are
considered to be minimal (Brooks and others, 2006; Michel
and others, 2013). Sediment hypoxia (low oxygen), sediment
anoxia (no oxygen), and chemical contamination (for example,
ammonia and sulfide) can inhibit larval settlement after dredg-
ing activities have ceased (Engstrom and Marinelli, 2005).
Because dispersal potential for resident taxa is often unknown
and possibly limited, large removal areas are likely to recover
more slowly than small areas or groups of small areas (Jutte
and others, 2002). Initial recovery of benthic communities
(often referred to as succession) is characterized by coloniza-
tion of small-bodied, quickly maturing, rapidly reproducing,
and shallow-burrowing taxa that possess an opportunistic life
history (Pearson and Rosenberg, 1978; Rhoads and others,
1978; Newell and others, 2004).

During initial recolonization, the specific opportunistic
taxa that appear will differ between geographic areas. The
process of recolonization may initially increase the overall
abundance of fauna in removal areas but result in low diver-
sity, often supported by high concentrations of organic matter
released during dredging (Newell and others, 2004). Early
colonizers are followed by transitional taxa, which burrow
deeper into the sediment and provide greater sediment oxida-
tion (Rhoads and others, 1978). Abundance typically decreases



during the transitional phase, but diversity increases. The
length of time for each of the recovery stages depends on the
postremoval physical (such as, grain size and hydrodynamics)
and biological (such as, recruitment and predation) factors

at the removal site. For example, sand extraction resulting

in deep dredge pits disrupts bottom water flow and makes
dredge pits more likely to infill with fine-grained sediments.
This change in sediment texture leads to slower succession
of benthic communities resulting in longer recovery periods.
For dredging of sand resources, recovery of abundance and
biomass can occur within 3 months to 2.5 years (Brooks and
others, 2006); faster recovery is associated with either similar
postremoval physical characteristics and (or) in areas of fre-
quent natural disturbance (discussed in sec. 4.2.4). Simonini
and others (2007) found that, at borrow sites in the Adriatic
Sea where dredging did not alter the sediment characteristics,
there was rapid (6—12 months) initial recovery of the domi-
nant predredging taxa, but that it took about 30 months for
the full benthic community to be re-established. Recovery of
abundance and biomass can be much longer when sediment
characteristics are dissimilar to preremoval characteristics,
such as when fine-grained sediment infills sand extraction
sites (Palmer and others, 2008; Crowe and others, 2016). The
composition of resultant short-term communities depends on
the new physical characteristics at the removal site and will
differ in composition and relative abundance of taxa from the
original community. Overall, short-term impacts of sediment
removal on benthic communities are related to the physical
extraction of sediments, resulting in mortality and alteration of
the sediment community from changes in the physical charac-
teristics of the sediments.

4.2.2. Long-Term Removal Effects

Lasting changes to the sediment substrate, such as the
replacement of coarse material with finer material, can cause
shifts in the structure of the benthic community and large
decreases in species richness and biomass (Desprez, 2000).
After transitional taxa are established, equilibrium taxa are
incorporated into the sediment community. Equilibrium taxa
are larger, deeper burrowing, and long-lived, and have low
reproduction rates (Pearson and Rosenberg, 1978; Rhoads and
others, 1978). Their colonization suggests a stable physical
environment that represents full recovery of the sediment
community, assessed as having similar abundance, biomass,
and diversity to preremoval communities. However, as noted
above, the resultant stable community at a removal site may
not consist of the same taxa as preremoval based on the new
sediment properties and local hydrodynamic regime. Many
studies typically only assess impacts 1-2 years postdredging
(for example, Naqvi and Pullen, 1982; Jutte and others, 2002;
Peterson and Bishop, 2005; Bergquist and others, 2008, 2009)
where community composition remains different from prer-
emoval communities despite variable recovery in abundance
and diversity. Substantially different community composition
within dredge pits have been documented as long as 8 years
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postdredging (Palmer and others, 2008; Crowe and others,
2016) associated with fine-grained sediment infill. Information
on the functional role of postremoval infaunal composi-

tion changes to higher trophic levels is scarce. Estimates of
ecosystem function suggest that functional equivalency had
not occurred 4 years postdredging, and functional diversity
remained lower for 5 years in United Kingdom sediments
(Cooper and others, 2008, 2011). Overall, long-term effects

to benthic communities from sediment removal are closely
related to the change in the physical sediment environment.
Because impacts from sediment removal can be long-lasting
(greater than 2 years), longer monitoring datasets are required
to assess effects on sediment communities and related changes
to higher trophic levels and to improve prediction of recov-
ery rates to equilibrium communities. If additional sediment
removal occurs before recovery of the affected communities,
the cumulative effect may deter complete recovery.

4.2 3. Effects to Areas Qutside the Removal Area

Mechanical disturbance from sediment removal activities
can resuspend sediments in the water column that are then dis-
persed by currents and waves resulting in temporary sediment
plumes and increased turbidity that extend outside the area of
removal (Newell and others, 2004; Sutton and Boyd, 2009).
The spatial and temporal extent of these plumes depend on
the dredging process used and site-specific sediment char-
acteristics and hydrodynamic regime (Hitchcock and Bell,
2004; Newell and others, 2004; Sutton and others, 2009). For
example, the spatial extent of sediment plumes can range from
300 to 600 m for sand-sized particles and up to 3.5 kilometers
(km) for silt (Newell and others, 2004) (CSA International,
Inc., 2010). Sedimentation from sediment plumes can bury
adjacent benthic habitats, resulting in suffocation and mortal-
ity. Decreases in short-term abundance (34—70 percent) of
macrofauna has been documented in soft-sediment habitats
as far as 100 m from dredging (McCauley and others, 1977).
Areas surrounding a borrow site off the coast of France were
blanketed in sand resuspended during dredging, causing short-
term decreases in benthic species richness and longer-term
(greater than 2 years) decreases in biomass (Desprez, 2000).
This is particularly common when finer-grained overburden
sediments are cast aside to access sandy sediments beneath
them. Depending on the thickness and persistence of these
changes in surficial sediment character outside of the bor-
row area, benthic communities near the borrow zone may
be buried and (or) their continued colonization of the seabed
may be deterred. Also, introducing non-nutritive particles to
the sea floor during the settling of the sediment plume may
reduce the food supply for filter feeders (Greene, 2002).
Although reductions in abundance because of sedimentation
typically decrease with distance from dredging (Johnson and
Nelson, 1985; Desprez and others, 2010), increased faunal
abundance and diversity have been observed near dredging
associated with sedimentation of organic matter (Newell and
others, 2004).
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Increased water column turbidity is a particular concern
when sediment extraction occurs near sensitive habitats, such
as coral reefs, other hard substrates, and aquatic vegetation.
These habitats provide structural refuges for early life stages
of fishes and crustaceans (for example, Lindeman and Snyder,
1999; CSA International, Inc., 2010) and harbor food sources
for many invertebrates, sea turtles, finfish- and mollusk-eating
diving birds, and marine mammals. Increased turbidity and
sediment plumes can cause increased sedimentation that
can smother nearby low-mobility fauna, corals, and other
hard-substrate communities resulting in large-scale mortality
(Dodge and Vaisnys, 1977) and suppressed growth (Anthony
and Fabricius, 2000; the effects on mobile species are dis-
cussed in sec. 5.2.1). High sedimentation was observed on
coral and hard bottom habitats in south Florida and was asso-
ciated with coral mortality and bleaching, and macroalgae and
epifaunal mortality (Courtenay and others, 1972; Michel and
others, 2013; Miller and others, 2016; PortMiami and others,
2017). Followup monitoring indicated that coral damage had
recovered within 7 years (Courtenay and others, 1980). Larval
colonization of multiple invertebrates onto hard substrates can
additionally be inhibited by sedimentation (Thorson, 1966;
Rogers, 1990). Sedimentation and reduced water clarity from
turbidity plumes in seagrass habitats can cause seagrass mor-
tality and decreases in net community production (Caldwell,
1985). However, sedimentation events are usually short-lived,;
estimates from Florida indicated a return to predredging condi-
tions after 2 weeks (Michel and others, 2013; PortMiami and
others, 2017). Our review of the literature suggests that careful
planning of sediment removal locations helps to reduce any
impacts to sensitive habitats.

4.2.4. Biological Controls on Effect Duration

In addition to the physical factors affecting benthic
communities, multiple biological factors can play a role in
determining the length of impact from sediment removal.

The composition of the preremoval community with relation
to sediment disturbance can affect the length of recovery.
Habitats subjected to increased frequencies of bottom dis-
turbance from mechanisms such as storms and local hydro-
dynamic regimes naturally maintain benthic communities in
earlier successional stages (for example, opportunistic and
transitional taxa) and are expected to recover more rapidly
after a defaunation event (Collie and others, 2000; Bolam and
Rees, 2003). Another factor is the timing of sediment removal
in relation to spawning and recruitment of the benthic fauna,
which can also affect feeding and reproduction of shellfish and
finfish that rely on benthic fauna (see sec. 5). Although some
lateral movement of taxa occurs postremoval, the primary
mechanism for recolonization of dredged areas is through
recruitment of larvae and juveniles (see Zajac and Whitlatch,
1991). Sediment removal during peak spawning or settlement
times may delay recovery of communities and have adverse
effects on higher trophic levels (for example, Hobbs, 2002;
Diaz and others, 2004).

4.3. Benthic Community Changes Resulting from
Sediment Placement

Impacts of sediment placement on barrier island ecosys-
tems is related to where the sediment is placed in the system,
as discussed in section 3.2. Sediment placement generally
occurs in two overall areas: intertidally as in the case of beach
nourishment or marsh infilling, or subtidally in cases of shore-
face placement or disposal such as muddy overburden after
sediment extraction.

4.3.1. Placement Effects on Beach Infauna

Abundance of infauna on beaches is typically seasonal
(abundances are highest during summer months; Van Dolah
and others, 1992; Rosov and others, 2016), whereas diver-
sity and composition vary spatially along the beach profile
in relation to wave energy, tidal range, and sediment texture
(Greene, 2002). When large volumes of sediment are placed
on beaches, sediment-dwelling organisms such as polychaetes,
mollusks, and crustaceans are immediately buried, resulting
in mass mortality (Peterson and Bishop, 2005; Bergquist and
others, 2008) and, ultimately, a reduction in prey for shore-
birds and surf fish. Timing of sediment placement in reference
to seasonal recruitment of important prey taxa can affect how
long reduced abundances from mortality persist. For example,
sediment placement occurring before the recruitment season
reduced abundances of mole crabs and amphipods, whereas
placement after the recruitment season reduced abundances of
bean clams and three species of amphipods at Topsail Beach,
N.C., with effects lasting all summer (Manning and others,
2014). More details about placement impacts to fish and birds
are in sections 5 and 6, respectively. Concurrent effects from
sediment placement on beaches occur due to construction pro-
cesses, including bulldozing of sediment and the use of heavy
equipment. The use of heavy equipment can compact beach
sediments (often referred to as press disturbance), whereas
bulldozing actively reshapes the beach profile. Despite exhibit-
ing similar profiles to nearby control areas 3 months postnour-
ishment, Peterson and others (2000a) observed a 55-65 per-
cent reduction in Ocypode spp. (Weber, 1795) (ghost crab)
densities and a 35-37 percent reduction in mole crab densities
on bulldozed beach segments. Reduced densities of ghost
crabs can continue for 6—8 months on bulldozed beaches with
primary recolonization occurring through larval recruitment
(Lindquist and Manning, 2001), suggesting repeated bulldoz-
ing would have long-term impacts.

Postplacement recovery of beach infauna occurs primar-
ily through vertical migration and recolonization through
recruitment; survival of animals through dredging pipelines
is minimal (May, 1973; Parr and others, 1978; Greene, 2002).
In a study of post burial response of three taxa of benthic
invertebrates (bivalve, crustacean, and polychaetes), Maurer
and others (1986) observed upward vertical migration of the
three taxa during and after placement; some infaunal taxa



were capable of withstanding as much as 40-90 centimeters
(cm) of sediment overburden. Recolonization through larval
recruitment and adults from adjacent areas can occur rapidly
(Oliver and others, 1977; Naqvi and Pullen, 1982; Van Dolah
and others, 1992); individuals of the polychaete Scolelepis
squamata (O. F. Mueller, 1806) were capable of recolonizing
within 1 day after beach nourishment (Van Dolah and others,
1992). After the initial decline in abundance (Burlas and oth-
ers, 2001), recovery of abundance, biomass, and diversity can
occur within 2—7 months (Van Dolah and others, 1992; Burlas
and others, 2001) but may take longer (greater than 1 year)
(Rakocinski and others, 1996). The rate of recovery is affected
by the timing of sediment placement and the time for physical
processes to return the beach to its natural profile. Similarity
of beach fill to natural sediments and placing sediment high on
the beach allowing for gradual redistribution has been attrib-
uted to promote rapid benthic recovery (Van Dolah and others,
1992). For beaches, recovery time has been quicker when sedi-
ment placement ceases before the winter season when infaunal
abundance is at its lowest (Burlas and others, 2001). Sediment
placement also affects benthic microalgal communities, which
are the primary producers that are the source of food for small
benthic taxa. Placed sediment does not have the same benthic
microalgal communities as natural foreshore sediments. At
Folly Beach, S.C., a gradient of recovery was observed for
benthic microalgae communities; the quickest recovery was
in low intertidal zones, and the longest was in high intertidal
zones, which did not fully recover within the 7-month study
period (Hill-Spanik and others, 2019). Although data are lack-
ing, the recovery trajectory of benthic microalgae communities
may also play a role in the recovery of benthic fauna.
Long-term impacts to beach infauna from sediment
placement on beaches are typically the result of changes in the
beach profile and (or) changes to the sediment characteristics.
Placement of sediment with higher proportions of fine-grained
sediments relative to preplacement conditions can suffocate
infauna (Peterson and others, 2000b), whereas higher propor-
tions of coarse-grained sediment can crush infauna (Colosio
and others, 2007; Peterson and others, 2014). Both scenarios
cause declines in macrofaunal abundance and biomass and
changes to community composition for multiple years. Long-
term impacts can last for several years postplacement and have
significant implications for foraging species such as shore-
birds (see sec. 6). Long-term effects of beach nourishment
have primarily been assessed for three species: the mole crab,
coquina clams, and ghost crabs, all of which are an important
prey resource for surf zone fish, crabs, and shorebirds (Pearse
and others, 1942; Naqvi and Pullen, 1982; McLachlan and
Defeo, 2017). Coquina clams and mole crabs residing in the
lower beach suffered from mortality during beach nourishment
and exhibited reduced body sizes for as long as 2 years (Reilly
and Bellis, 1983; Peterson and Manning, 2001). Disruption of
overwintering offshore populations of coquina clams can also
prolong the impacts to intertidal coquina clam communities
(Reilly and Bellis, 1983; Gorzelany and Nelson, 1987). Ghost
crabs occupy the uppermost beach, and beach nourishment can
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be used to restore lost habitat (Greene, 2002); however, high
postnourishment mortality levels have been reported (Reilly
and Bellis, 1983; Peterson and others, 2000a). In addition,
biogenic structures and reefs formed by Sabellariidae spp.
(Johnston, 1865) polychaetes can be affected by sediment
placement on beaches, primarily through burial. Long-term
effects of burial of intertidal Sabellaria vulgaris (Verrill)
reefs during beach nourishment in Delaware Bay lasted for
2-3 years until sufficient hard substrate was re-exposed for
new larval settlement (Brown and Miller, 2011). Long-term
impacts may be reduced when placement design and sedi-
ments closely match the beach profile and sediment charac-
teristics before placement and when activities are limited to
biologically inactive seasons (Peterson and others, 2000a).

4.3.2. Placement Effects on Subtidal Areas

Immediate effects of subtidal sediment placement include
local increases in turbidity resulting in light attenuation and
other associated changes (reduced photosynthesis, water tem-
perature, and aesthetics). These increases are often temporary,
and monitoring and abatement measures are common practice.
A potential increase in nutrient particulates entrained in the
sediments could promote eutrophication. But, perhaps most
importantly, subtidal placement activities may bury benthic
species and have temporary adverse effects on ecologically
critical areas, submerged aquatic vegetation, and designated
natural areas. The construction period may cause minor,
short-term, but still adverse changes in noise quality, water
quality, air quality, aquatic resources, water-based recreational
opportunities in the immediate area, and aesthetics because of
construction equipment required for sediment placement (see
secs. 5.2 and 5.3, which discuss impacts to mobile marine spe-
cies). These effects are typically alleviated after construction.
By design, sediment placement on the shoreface or other sub-
tidal areas will adjust the elevation and slope of the seafloor
(see sec. 3). These adjustments may disturb benthic communi-
ties by elevating the seafloor and increasing exposure to wave
energy or by changing other hydrodynamic characteristics so
that there is a shift in habitat suitability for preplacement spe-
cies. Certain construction actions may cause a change to spe-
cific microhabitat morphology that is desirable to specific taxa.
This action may cause a redistribution or change in abundance
of these taxa after construction (see sec. 5.4 for discussion).
Like beach placement, subtidal placement can cause high
mortality of infauna from suffocation during burial (Rhoads
and others, 1978; Michel and others, 2013), although some
taxa are capable of vertically migrating to the new sediment
surface (Maurer and others, 1986; Miller and others, 2002). An
assessment of sediment placement from the Charleston Harbor
Deepening Project found persistent reduced abundances of
infaunal taxa postplacement within and near the sediment
disposal site, which were associated with changes in sediment
composition from disposal activities (Jutte and others, 2005).
Placing sediments in thin layers in subtidal areas may allevi-
ate reductions in abundance and mortality caused by burial.
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After thin-layer placement of dredged material near the mouth
of the Columbia River, Norton and others (2015) found no
visible indication of sediment deposition with no mortality of
acoustically tagged Cancer magister (Dana, 1852) (Dungeness
crabs) and no discernable change in presence and abundance
of mobile crabs and flatfish over a 2-year period. However, no
sediment taxa were studied; therefore, more research is needed
to assess the effects of subtidal thin-layer placement on less-
mobile members of benthic communities.

Large-scale placement of dredged materials in or near
seagrass habitats can smother benthos, increase turbidity, and
change habitat type (Sheridan, 2004; see also sec. 6). In Lower
Laguna Madre, Texas, elevated turbidity was observed for as
long as 15 months at the deposition site and for 10 months in
seagrasses at distances greater than 1.2 km from the deposi-
tion site (Onuf, 1994). Although seagrasses can often colonize
dredged sediments, studies from Laguna Madre in Texas
observed impacts to seagrass density, benthos, and nekton that
were predicted to last 4-8 years (Sheridan, 2004). In Indian
River Lagoon, Florida, reduced shoot densities were observed
for as long as 31 years (Brown-Peterson and others, 1993).
The broad range of turbidity effects of subtidal dredging place-
ment has implications for adjacent communities as discussed
above. Long-term recovery and effects of sediment placement
in subtidal areas follow a similar pattern as described above
for sediment removal, such as shifts in community assem-
blages based on changes in sediment characteristics, location
of placement, hydrodynamics, and the original community
composition.

4.3.3. Placement Effects on Coastal Marsh
Benthic Ecosystems

Fine-grained sediment from maintenance dredging
unsuitable for placement on high-energy beaches has been
used to mitigate salt marsh subsidence (see sec. 3.2.2 for more
information). Thin-layer (0-30 cm) placement of sediments
onto degraded tidal marshes has been reported to increase
stem densities (Slocum and others, 2005; Croft and others,
2006), above-ground biomass (DeLaune and others, 1990),
and percent cover (Ford and others, 1999) of saltmarsh cord-
grass with few negative effects observed on nondeteriorated
areas when applied in layers as thick as 10 cm (Croft and oth-
ers, 2006). As discussed in section 4.1.2, sediment properties
(such as, organic matter composition and texture) are key con-
siderations when sediments are added to or removed from an
environment because there will be modifications to the biogeo-
chemical framework. In some cases, changes in the biogeo-
chemical framework can have beneficial results. For example,
Croft and others (2006) observed, for (initially) deteoriated
and nondeteroriated marshes, sediment additions of 10 cm
(thickest addition of their experiment) corresponded with
the largest increase in depth-integrated oxidation-reduction
potential, which they attributed to a decrease in sulfide con-
centration and (or) sulfate reduction. This is important because

sulfide can inhibit nitrogen uptake and assimilation in plants,
reduce plant growth, and be toxic to infauna (Mendelssohn
and McKee, 1988). Infaunal community response to marsh
sediment addition is variable; immediate reduced abundances
were observed when sediment additions were greater than

10 cm, but overall abundance increased 1 year postplacement
in deteriorated marshes and hardly changed in nondeteriorated
marshes (Croft and others, 2006). Effects of marsh sediment
placement can be detected long term; for example, increased
percent cover and bulk densities of marsh plants, and reduced
sediment sulfide concentrations were observed 7 years after
adding 5-12 cm of sediment (Slocum and others, 2005). Stagg
and Mendelssohn (2010) found that the optimum elevation
range for sediment addition in salt marsh environments in
Louisiana was 29-36 cm (North American Vertical Datum of
1988), and that that the addition of sediment treatment levels
higher than 39 cm created conditions similar to a degraded
marsh and decreased ecosystem function in general. Overall,
placement of fine-grained sediments can have positive effects
on marsh communities in degraded marsh areas when applied
in thin layers.

4.3.4. Placement Effects on Adjacent Habitats

Sediment from placement areas may be eroded and trans-
ported by currents to adjacent areas, potentially affecting sur-
rounding biologic communities. Fine-grained sediment win-
nowed from the placement deposits may settle to the seafloor
downdrift from the placement zone and blanket hard bottom,
coral, and sponges (Lindeman and Snyder, 1999). Monitoring
downdrift deposition of fine-grained sediments from subtidal
sediment placement on hard bottom communities offshore of
Charleston, S.C., Crowe and others (2010) found increased
downdrift suspended-sediment concentrations but overall
little evidence of degradation on the reefs or associated fauna.
However, Crowe and others (2010) noted multiple confound-
ing factors that may have affected their results, including
proximity to the Charleston Harbor sediment plume, distance
from the deposition location, and natural variability among
their few sampling sites. Sediment placement in subtidal areas
can induce turbidity plumes that can negatively affect filter-
feeding taxa in nearby hard bottom habitats (such as, corals
and worm reefs) and in nearby sedimentary habitats (Michel
and others, 2013), and can affect water clarity important for
visual feeders/predators (sec. 5.2.1) and seagrasses (Caldwell,
1985) similar to the effects of sediment plumes described in
section 4.2.3.

4.4. Knowledge Gaps and Recommendations

The primary knowledge gap for benthic communi-
ties is how sediment removal and placement affect benthic
ecosystem functioning. Because the infaunal community can
completely differ before and after removal despite similar
abundance, biomass, and diversity, we still do not know the
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trophic value of the new community to higher organisms as
prey items and foraging grounds. How efficiently resident taxa
repopulate affected areas, and how less-mobile members of the
benthic community repopulate affected areas, is poorly under-
stood. Additional information is needed on long-term effects
of removal and placement because most environmental impact
studies cease after 2 years postconstruction, and some longer-
term observations have shown that changes in community
composition can last as long as 8 years because of changes in
sediment properties (sec. 4.2.2).

Although effects on benthic communities from physical
processes such as burial or changes in oceanographic condi-
tions are well documented in the literature, effects caused
by other processes such as changes in mineralogy or organic
content are not as well studied and could compound environ-
mental change.

4.5. Another Consideration

Though not explicitly referenced in the Grijalva letter,
another consideration is the extent to which sediment removal
or placement will alter the biogeochemical framework and
introduce deleterious microbial species (for example, bacte-
ria and [or] virus), harmful algal species (Pilkey and Cooper,
2014), or both. For example, virus and bacterial transport is
well documented in groundwater studies. Where groundwater
discharges along beaches and in nearshore marine waters,
virus or bacterial loading can cause beach closures. Also, some
of the microbes may remain within the nearshore sediments,
attached to particles (Boehm and others, 2004). Thus, remov-
ing the sediment could have a substantial albeit temporary
effect on microbial loads in nearshore waters. Similarly, sedi-
ment placement could introduce such species if the sediment
is not treated. Furthermore, a recent study found that cysts of
Pyrodinium bahamense (Plate, 1906), a harmful alga, remain
dormant in shallow sediments (0—10 cm) (Lopez and others,
2019). However, when these dormant cysts are exposed to
temperatures cooler than the ambient surface-water tempera-
tures, germination success increases considerably. In the con-
text of this report, if actions of sediment removal or placement
contribute to or create the optimal temperatures for cyst reju-
venation, like those described by Lopez and others (2019) for
P. bahamense, then this or other algal species with a dormant
cyst life stage could be introduced or become active, generat-
ing harmful toxins. Additional research and monitoring efforts
may be needed to evaluate such possibilities, particularly for
locations where detrimental microbes and harmful algae are
already an issue.

Metal cycling in seabed sediments, or more simply a
transfer between mobile and immobile forms, is often related
to organic matter cycling processes (such as, production,
remineralization, and sorption). The most well-known rela-
tion between metal and organic matter cycles is the reduction
of iron by bacteria to oxidize organic matter, but the use of
other metals by bacteria in addition to iron leads to spatial

and temporal variability of toxic metal sequestration and
release. Based on joint guidance from the U.S. Environmental
Protection Agency and USACE (2004), dredged sediment,
whether contaminated or not, should be tested with specific
consideration for various environmental properties including,
but not limited to, (1) the concentration/abundance of contami-
nants, (2) the stability and (or) mobility of the contaminant
and (or) compound in its current form, (3) environmental
factors that will change between the origination and placement
site, and (4) transformations (possible reactions) that may take
place during dredging, during transport to new site, and when
placed at new site. As such, linkages between metal cycling
and organic matter remineralization suggest that policies
developed for other environments (for example, fine-grained
harbors) may be adequate and transferable to environments
with permeable sediments, especially in reference to initial
assessments and monitoring.

5.0. Impacts of Sediment Removal and
Placement on Fish and Other Marine
Species

By David Kazyak, David R. Smith, Kristen Hart, Bianca
Prohaska, and Teresa Calleson

Recent comprehensive reviews of the effects of dredging
(for example, sediment removal) on fish and other marine spe-
cies (Erftemeijer and others, 2012; Rutecki and others, 2014;
Wenger and others, 2017; Pickens and Taylor, 2020) have
framed their evaluations as threat assessments, decomposing
the cause-and-effect pathways and reviewing the evidence for
direct and indirect effects (fig. 7). Although sediment removal
and placement occur at specific sites, threats to marine species
emerge from direct entrainment and entanglement of organ-
isms (discussed in sec. 5.1), suspended/settled/contaminated
sediment (sec. 5.2), noise (sec. 5.3), and net bathymetric
change (sec. 5.4) that occur at those sites or beyond (see
secs. 3 and 4). Placement impacts are discussed in section 5.5.
In general, the scale and magnitude of impacts depend on
volume and frequency of sediment removal and placement,
characteristics of the dredged material, and currents at the
dredge or deposition site (Wenger and others, 2017). It is
important to note that the potential effects to fish habitat serve
as proxies for effects at the population and species levels,
which is ultimately the concern of the U.S. Fish and Wildlife
Service (USFWS) and the National Marine Fisheries Service
(NMES). Therefore, this section follows the threat assessment
organization from recent reviews but includes examples from
several trust or indicator species, such as sturgeon, Limulus
polyphemus (Linnaeus, 1758), horseshoe crabs, and sea turtles.

Importantly, the reviews cited in the previous paragraph
categorized effects of dredging to account for the variation
among the studies in methods, temporal and spatial scales, and
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Figure 7. Conceptual model linking sediment dredging processes, ecological factors, and individual-, population-, and
species-level responses, which are the endpoints of interest in this section. Location of the activities at dredge or disposal sites

are the starting points for the effect pathways leading to potential effects.

ecological responses. For example, Wenger and others (2017)
reviewed more than 430 papers and characterized the type
of effect on a categorical scale that ranged from no effect to
increased mortality or reduced hatching success, and interme-
diate effects included minor or moderate behavioral or physi-
ological changes or damage (see Wenger and others, 2017,
table 1). In another review, Pickens and Taylor (2020) evalu-
ated relative vulnerability of species and life stages for the
various dredging and sand-mining processes. Further, the 2020
South Atlantic Regional Biological Opinion for Dredging
and Material Placement Activities in the southeastern United
States considers dredging and material placement activi-
ties in Federal waters (National Marine Fisheries Service,
2020). Despite these robust evaluations, much remains poorly
understood regarding impacts at the population and species
levels, and these knowledge gaps can be found at the end of
this section. For example, to mitigate against adverse effects,
increased mortality, and reduced recruitment, future studies
measuring the effects of dredging will need to be sensitive to
the detection of nonfatal effects (Wenger and others, 2017).
Main takeaways of this section are as follows:

* Vulnerability to direct entrainment or indirect effects
depends, in large part, on an organism’s mobility rela-
tive to the size of the dredging footprint. Thus, early
life stages (for example, eggs and larvae) or other
less-mobile and (or) dormant stages (for example,
burrowing to overwinter by Callinectes sapidus [M. J.
Rathbun, 1896] [blue crabs] and horseshoe crabs) are
generally more vulnerable than adults or mobile juve-
niles. Similarly, demersal species are typically more
vulnerable than pelagic species.

* Direct impacts include species entanglement in buoys
or lines marking projects and physical injury if struck
by transiting vessels working on a project. Sea turtles
and manatees are susceptible to vessel collisions, pro-
peller strikes, and crushing because they regularly sur-
face to breathe and may spend a considerable amount
of time on or near the surface of the water.

+ Effects caused by noises and suspended sediments
vary widely among species and life stages. In some
instances, suspended sediments can have positive
effects, but higher concentrations are generally associ-
ated with a greater incidence of adverse effects. Noise
levels associated with sand dredging are generally
not strong enough to cause direct mortality or serious
injury, but many sublethal effects, such as feeding pat-
terns and predator avoidance, have been reported in the
literature.

* Many negative impacts to fish from contaminants are
known, but contaminants are generally found in finer
sediments than sand. Thus, contaminants are likely not
a major risk factor for sand removal and placement in
most coastal marine waters. An exception might be
near stream mouths and drowned paleostream valleys,
where dredge processes liberate potentially anteced-
ent fines.

* Impact is a function of the likelihood that the threats
from sediment management operations overlap with
occupied habitat and the degree that the activity affects
behavior, physiology, or survival. Thus, potential for
adverse effect is particularly acute when sediment
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removal overlaps spatially or temporally with sensi-
tive habitats (for example, coral reefs), with migration
paths or foraging areas in which individuals congre-
gate, or with spawning, nursery, or overwintering
habitats.

* Given the wide variation in known responses among
fish species and life stages, prevalence of laboratory
studies versus field studies, and existing knowledge
gaps, additional on-site research is necessary to char-
acterize population-, species-, and community-level
effects of sand mining.

5.1. Impacts Due to Entrainment and
Entanglement

Entrainment resulting in the direct uptake of an organism
during sediment management operations is considered a type
of bycatch or take and has the potential to cause considerable
damage to or mortality of marine species. Susceptibility to
entrainment depends on the individual organism’s mobility
and, therefore, is higher for early life stages (for example,
eggs and larvae) that generally passively navigate through
the marine environment or those that exhibit demersal (for
example, bottom-dwelling) behaviors (Reine and Clarke,
1998; Wenger and others, 2017). A review by Reine and
Clarke (1998) of entrainment of shellfish, bivalves, fish, and
turtles concluded the rate of mortality from entrainment varied
widely depending on dredge type, season, and life stage/size
of the organism. Wenger and others (2017), who conducted
a meta-analysis of effect sizes for entrainment impact stud-
ies, found that lethal effects were more frequently shown
in larvae and eggs than for older life stages for a range of
fish species. Reine and Clarke (1998) noted the difficulty of
translating project-level entrainment rates and effects into a
population dynamics framework to predict the consequences
to a population or species, which continues to be a challenge.
Furthermore, the volume of locally entrained eggs and larvae
is not usually considered to be substantial relative to popula-
tion productivity, although exceptions to this may occur when
sediment removal occurs close to spawning or nursery areas.
To reduce impacts to recruitment, areal or seasonal restrictions
are usually used (Wenger and others, 2017).

Entrainment depends on mobility of species and life
stages and is highest among those exhibiting demersal behav-
iors (Reine and Clarke 1998), such as horseshoe crabs and
sea turtles. For example, a hydraulic dredge equipped with a
72-inch knife and 2- by 2-inch steel mesh liner on the dredge
floor used to sample surf clams in New Jersey has been highly
efficient at capturing adult horseshoe crabs, although the
bycatch mortality rate for horseshoe crabs is not well studied
(Atlantic States Marine Fisheries Commission [ASMFC],
2019). The risk for entrainment of sea turtles in dredges can be
high (National Marine Fisheries Service, 2020), and biologi-
cal opinions are issued under the Endangered Species Act of

1973 (16 U.S.C. ch. 35 § 1531 et seq.) with authorized “take”
numbers for each dredging operation/project. Sites with a high
density of sea turtles are only beginning to be defined, but
they can be a high entrainment risk (National Marine Fisheries
Service, 2020, p. 113—114). In fact, one mitigation measure
is to deploy relocation trawlers to capture sea turtles and
move them out of the way of the intake pipe (National Marine
Fisheries Service, 2020). Reports show that predominately
loggerhead sea turtles, Lepidochelys kempii (Garman, 1880)
(Kemp’s ridley sea turtles), and Chelonia mydas (Linnaeus,
1758) (green sea turtles) are captured during relocation
trawling in the southeastern United States, within the action
area (listed from highest to lowest reported captures), though
there are also few reports of Dermochelys coriacea (Vandelli,
1761) (leatherback sea turtle) captures in the action area
(Operations and Dredging Endangered Species System; con-
tact at odess(@usace.army.mil). Therefore, relocation trawling
is likely to adversely affect green (North Atlantic and South
Atlantic distinct population segments), Kemp’s ridley, leather-
back, and loggerhead sea turtles. Rates of damage or mortality
depend on the design and parameters of the dredging process
and operation regardless of species (Wenger and others, 2017).

To be entrained, the organism needs to be present during
the dredging operation. Entrainment effects are limited to
the footprint of dredging operation. For example, horseshoe
crabs occupy the inner continental shelf mostly (75 percent)
at depths less than 20 m and markedly (90 percent) at depths
less than 30 m (Botton and Ropes 1987). Horseshoe crabs
are distributed along the Atlantic coast and in the Gulf of
Mexico (Botton and Ropes, 1987; Smith and others, 2017),
but offshore density is higher in topographic seafloor lows
(troughs) than on topographic seafloor highs (ridges) (Botton
and Haskin, 1984; Hata and Berkson, 2003). Topographically,
horseshoe crabs distribute more in troughs defined roughly as
greater than or equal to 2.5 m deep, relative to adjacent ridges,
with dimensions less than or equal to 2 km wide and less than
or equal to 2 km long (Hata and Berkson, 2003). Troughs
and adjacent ridges were incorporated into survey designs by
Hata and Berkson (2003), initially identified by fisherman, as
important topographic features for catching horseshoe crabs.
Horseshoe crabs are benthic-feeding generalists (Botton and
Haskin, 1984; Carmichael and others, 2004), and their spatial
distribution correlates with prey density (Botton and Ropes,
1987); for example, the New Jersey surf clam dredge encoun-
tered horseshoe crabs in 32 percent of the 5-minute tows
(ASMFC, 2019). Adult horseshoe crabs migrate from offshore
to estuaries to spawn, the timing of which varies throughout
the range depending on temperature (Smith and others, 2017);
and, like other migratory species, they congregate along
migratory pathways, which increases their susceptibility to
dredging (Reine and Clarke, 1998). Thus, timing of dredg-
ing operations and area restrictions can effectively reduce the
likelihood of entrainment.

The potential for entrainment increases in areas where
horseshoe crabs congregate during migration or in overwinter-
ing areas. Evidence suggests sex-specific migration among
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older juveniles and adults (Rudloe, 1980; Brockmann and
Penn, 1992; Smith and others, 2009, 2010a); thus, dredging
could affect the sexes differently. Disproportionate protection
of adult females is considered essential to fisheries manage-
ment (ASMFC, 2019). Horseshoe crabs are entrained and
discarded as bycatch in fisheries along the U.S. Atlantic coast
that use dredges as fishing gear to scrape or penetrate benthic
substrate; between 2004 and 2017, estimated dredge discards
ranged from 34,230 to 2,465,346 horseshoe crabs (ASMFC,
2019). Horseshoe crabs may be most susceptible to dredging
operations in estuaries; this is especially the case for juveniles,
which tend to be distributed closer to natal estuarine beaches
where spawning occurs. In a review of six channel dredging
projects, Ray and Clarke (2010) report entrainment of 10 to
5,521 horseshoe crabs per project; the highest entrainment
values occurred in a project to dredge the entrance to the
Savannah Harbor during winter. But ASMFC (2019) evaluated
the status of the horseshoe crab population in the southeast,
where Savannah Harbor is located, and determined it to be in
good condition and better than all other regional populations
along the Atlantic coast.

When considering impacts of removal and placement on
fish and other marine species, the net effect on the population
or species abundance and distribution must be considered.
Population-level effects from entrainment are a function of
entrainment rate and mortality rate given entrainment in rela-
tion to population abundance and growth rate. Entrainment
rates depend on the dredging footprint overlap with occupied
habitat (Pickens and Taylor, 2020). Mortality rates vary by
species and life stage (Reine and Clarke, 1998). Although
there has been substantial research on these components,
documenting population-level effects of dredging is an impor-
tant knowledge gap.

Pickens and Taylor (2020) used species distribution
models to evaluate the vulnerability of fish species and their
essential fish habitat (EFH) to sand dredging operations.
They developed the Shoal Map and Assessment Tool for
EFH (called “ShoalMATE”), which is currently being used to
facilitate design of operations to mitigate adverse effects on
federally managed fish species (Rimerez, 2020) and may be
useful for CBRA-related assessments.

Dredging operations pose additional threats during sedi-
ment removal because of physical interaction with dredging
equipment and vessels. For example, although manatees are
more frequently found in rivers and estuaries throughout
Florida on a year-round basis, they may also be sighted in
nearshore Atlantic coast and Gulf of Mexico waters from
Texas to Maryland during the warmer months of the year.
Manatee movements through inlets and into offshore waters
has been well documented (Deutsch and others, 2003). While
in these environments, they may interact with sand dredg-
ing projects, and related risks to the species may include,
but are not limited to, entanglement, equipment and (or)
watercraft collisions, and crushing. Manatee protection mea-
sures related to standoff distance between barges and other
large vessels, pipeline positioning and anchoring practices,

observation protocols, and avoidance measures specified in
the Statewide Programmatic Biological Opinion for Shore
Protection Activities along the Coast of Florida and the associ-
ated Standard Manatee Construction Conditions (2011) are
aimed at offsetting effects from this type of in-water activity
(USFWS, 2015).

5.2. Impacts Related to Suspended, Settled, and
Contaminated Sediments

Sediment removal and placement activities can result
in sediment being distributed throughout the water column.
These suspended sediments may affect marine biota through
several pathways, including visual and respiratory impairment.
Impacts are not necessarily restricted to the sediment removal
site because currents can advect plumes of suspended sedi-
ment several kilometers or more from the disturbance (Fisher
and others, 2015). The level of impact typically varies among
species (Gray and others, 2014) and depends on how much
sediment is suspended (concentration) and how long it persists
in the water column (duration; Newcombe and MacDonald,
1991; Wenger and others, 2017). In general, it is thought that
suspended-sediment effects seem to be most prevalent around
the removal site because only modest, local increases of
suspended sediments have been reported near placement sites
during beach nourishment activities (Wilber and others, 2006).

5.2.1. Behavioral Changes Caused by Suspended
Sediment

Suspended sediment (for example, turbidity) can have a
wide range of effects on the behavior of fish and other marine
species (Wilber and Clarke, 2001). First, many fishes will
avoid areas with high concentrations of suspended sediments,
likely because of increased difficulties in predator avoidance
and feeding, as well as physiological challenges. (Robertson
and others, 2006; Collin and Hart, 2015). For example,
turbidity may alter swimming patterns and disrupt schooling
behavior, potentially exposing fish to elevated rates of preda-
tion (Wildish and Power, 1985; Gray and others, 2014; Ohata
and others, 2014). However, other studies have shown that
turbid conditions can also provide a source of cover (Gregory,
1993; Gregory and Levings, 1998). Feeding behavior has been
inhibited by turbidity because of reductions in visual acuity
and reaction distance (Bruton, 1985; Utne-Palm, 2002). But
under some circumstances, suspended sediments can enhance
feeding, potentially because of increased visual contrast of
prey items (Boehlert and Morgan, 1985). This may also be
true for sea turtles. Active dredging operations may enhance
feeding opportunities as sediment and benthic infauna are dis-
placed (Whittock and others, 2017). However, no comparison
of quantified turtle activity or movement patterns at different
stages of a dredging program has been recorded or reported
previously (Whittock and others, 2017). These changes in
feeding and activity patterns can affect the growth and fitness
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of individual fish exposed to plumes of suspended sediment
(O’Connor and others, 2016). In addition to alterations to
predator avoidance and feeding behavior, larval fishes, which
may rely on visual cues for settlement, may have difficulty
finding suitable habitats if visibility is limited (Wenger and
others, 2011). A review of the literature reveals suspended
sediments can have positive effects, but higher concentrations
are generally associated with a greater incidence of adverse
effects. Overall, it is clear from the literature that connections
between sediment and fishes are complex, suggesting that it
may be necessary to evaluate sediment removal effects on fish
species on a case-by-case basis, accounting for species and
life-history stage and specific habitat requirements.

5.2.2. Physiological Effects of Suspended
Sediment

In addition to possible behavioral effects, suspended sedi-
ments can cause lethal or sublethal effects through physical
or physiological damage to fishes; increases in suspended-
sediment concentrations generally result in greater incidence
of adverse outcomes (Wenger and others, 2017). Particles may
coat and damage the respiratory surfaces of the gills or block
the flow of water across them (Au and others, 2004; Hess and
others, 2015). In laboratory studies, physiological changes
associated with oxygen deprivation were observed after
exposure to suspended sediments (O’Connor and others, 1976;
Wong and others, 2013). If enough oxygen cannot be obtained
through the gills, direct mortality to fishes will result, though
the sediment concentration associated with this outcome
seems to vary widely among fish species (Sherk and others,
1975; Wenger and others, 2017). In addition to respiration,
gill surfaces are also necessary for osmoregulation. Suspended
sediments can lead to osmoregulatory stress (Au and others,
2004). Suspended sediments may impair olfaction, inhibiting
the ability of fishes to locate resources (O’Connor and others,
2016). In general, early life stages are expected to be more
sensitive to physiological damage to gills (Sutherland and
Meyer, 2007). More specifically, high concentrations of sus-
pended sediments can cause mortality in the eggs and larvae of
economically important fishes along the Atlantic coast (Auld
and Schubel, 1978).

5.2.3. Effects Caused by Settled Sediment

As wave and current energy decreases, suspended sedi-
ment in the water column will slowly settle to the seabed. This
process, sedimentation, can result in burial of habitats and
benthic communities depending on the spatial and temporal
scale of the dredging operation and its proximity to the habitat,
including corals and nonsedimented substrate (see sec. 4 for
more information about direct impacts to these habitats). For
example, Erftemeijer and others (2012) summarized pub-
lished literature on effects of turbidity and settled sediment
from dredging on corals. Coral reefs are not subject to direct

entrainment but, if proximate to dredging operations, can be
affected by the sediment plume. The intensity, duration, and
frequency of exposure along with the resilience and back-
ground conditions of the coral reef determine the net effects.
Based on the literature review, the tolerance for sedimentation
ranged from less than 10 to greater than 400 milligrams per
centimeter per day. Depending on the sensitivity of the coral
species, high sedimentation rates can be tolerated for less than
24 hours to a few weeks. Effects on corals cascade to other
species; the studies reviewed by Erftemeijer and others (2012)
document substantial reductions in populations and change in
the community structure of reef-associated fish species.

5.2.4. Effects Caused by Contaminated Sediment

Sediment removal can mobilize contaminated, fine-
grained sediments, which can be transported considerable
distances from the activity site (Bridges and others, 2008; see
also sec. 4). Contaminants may be released through a variety
of pathways, including resuspension of particulates and mobi-
lization of sediment pore water (Thibodeaux, 2005; Bridges
and others, 2008). Released contaminants can adversely affect
finfish, shellfish, and other Federal-trust species, and may
have synergistic effects associated with dredging (Weis and
Candelmo, 2012; Wenger and others, 2017). Though contami-
nation is typically found in finer sediments rather than sand
(Thorne and Nickless, 1981; Witkowski and others, 1987),
recent evidence of elevated concentrations of polychlorinated
biphenyls in Ammodytes personatus (Girard, 1856) (Pacific
sand lance) suggest contaminant exposure among species
that prefer sand habitats (Conn and others, 2020; Liedtke and
Conn, 2021). Consequently, the current state of evidence is
mixed but overall suggests a low risk that sediment removal
would normally be associated with a release of contaminants
and associated impacts to fishes.

5.3. Effects Caused by Noise

Operating dredging vessels, dredging equipment, and
survey equipment can produce loud noises that potentially
affect living resources. Sounds are used by fishes and other
marine species for many purposes, including locating specific
habitats, communication, and predator avoidance (Popper and
others, 2003; Simpson and others, 2005; Popper and Hawkins,
2019). Accordingly, the range of potential effects on fish
behavior from anthropogenic noises, such as those associated
with sediment removal and placement, is varied.

Auditory impacts are expected to vary depending on the
intensity and duration of exposure to noises associated with
sediment removal and placement. The most severe effects
of underwater noise, including potential mortality, gener-
ally occur very close to its source, whereas sublethal effects
such as behavioral changes may extend over broader areas
where sound levels are less intense. In one study of under-
water sounds associated with sediment removal, sound levels
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attenuated to ambient within 2.65 km of the source (Reine and
others, 2014), suggesting that the zone of sublethal effects may
extend more than 1 km from the sediment removal/placement
activity. There is also evidence that the character of the sedi-
ment resource may influence auditory effects. For example,
noises associated with dredging soft, finer-grained substrates,
such as those that might be used for estuarine shoreline or
marsh restoration, are comparable to those of loud merchant
vessels and do not generally result in substantial mortality

to fishes and other marine organisms (Robinson and others,
2011; Popper and Hawkins, 2019; Suedel and others, 2019).
Sublethal effects associated with underwater-noise pollution
are well documented and are discussed below.

Severe injuries to fishes and marine mammals from
sounds are generally associated with very loud, impulsive
noises that are not typical of sediment removal and placement
(Go6tz and others, 2009; Suedel and others, 2019), although
temporary impairments are possible (Smith and others, 2004).
Recovery from temporary auditory impairment varies but gen-
erally occurs relatively quickly (that is, within several days;
Popper and others, 2005). Intense noises can cause physical
damage to the swim bladder, which is involved in hearing in
some fishes (Popper and others, 2003), but such noises may
only occur near the sediment management activity. The pri-
mary effects on fishes from removal and placement sounds are
more likely to be behavioral, which are discussed below.

Behavioral disturbances may be subtle but sometimes
include clear avoidance reactions (Gotz and others, 2009).
Noise exposure has caused changes in swimming speed and
schooling behavior (Sara and others, 2007; Hawkins and oth-
ers, 2014; Shafiei Sabet and others, 2016). Startle responses
are associated with the onset of loud noises (Kastelein and
others, 2008). Elevated noise levels have been reported to
inhibit antipredator behavior and increase mortality because
of predation (Simpson and others, 2016; Spiga and others,
2017). In one study, noises associated with boat traffic resulted
in elevated metabolic rates and increased mortality to preda-
tion (Simpson and others, 2016). Noise from maritime traffic
has also altered feeding patterns and reduced body condition
in some fishes (Bracciali and others, 2012). Noise from ves-
sel traffic and other activities associated with dredging may
mask biologically important sounds that fish and other marine
biota use (Pine and others, 2016). Some larval fishes use noise
associated with specific habitats to find suitable habitats, and
anthropogenic noises can disrupt this signal (Simpson and oth-
ers, 2016). Gerstein and others (2006) also evaluated underwa-
ter noise on the 7richechus manatus (Linnaeus, 1758) (West
Indian manatee) to estimate masking zones near dredging
activities. This study determined that noise levels associated
with dredging may mask boat traffic sounds and thus increase
the potential for manatee-boat collisions (Gerstein and oth-
ers, 2000).

However, the applicability of these results to the noises
associated with sediment removal and placement in situ is
uncertain. Most behavioral studies have used fish in captivity
or focused on impulsive sounds similar to pile driving rather

than the sounds associated with managing soft sediments
(Popper and Hawkins, 2019). Comparative studies have shown
that behavioral responses to anthropogenic noise are not con-
sistent among species (Kastelein and others, 2008). Finally,
several studies report that some fishes are desensitized to sus-
tained anthropogenic noises, which suggests some of the nega-
tive effects may be reduced during extended dredging opera-
tions (Nedelec and others, 2016; Holmes and others, 2017).
Sturgeon and sea turtles provide examples of noise-effect
profiles in key species. Acipenser oxyrinchus oxyrinchus
(Mitchill, 1815) (Atlantic sturgeon) regularly occur in coastal
marine waters that are dominated by large sand features (D.
Fox, Delaware State University and J. Madsen, University of
Delaware, written commun., 2020) where they are potentially
at risk to sediment removal operations. In a previous study,
no changes in Atlantic sturgeon swimming behavior were
observed while near a hydraulic cutterhead dredge (Balazik
and others, 2020) or commercial vessel traffic (DiJohnson,
2019), suggesting that spawning migrations were not affected.
However, the observed lack of a response to the noises associ-
ated with dredging may increase the risk of direct mortality
from interactions with dredging equipment or vessels. In this
species, mortality from ship strikes and dredging do happen
(Brown and Murphy, 2010; Balazik and others, 2012; USACE,
2014). The response of sea turtles to noise is less well studied
(but see Piniak and others, 2012; Tyson and others, 2017).
No injurious effect to Endangered Species Act-listed spe-
cies from cumulative noise exposure are expected (National
Marine Fisheries Service, 2020) from acoustic sand resource
assessment tools (for example, boomers and chirp sub-bottom
profilers), which are an impulsive noise source. These species
may be present in areas where surveying occurs and able to
detect the sound source within 192 m; however, if exposed to
this mobile sound source, the exposure would only last a few
seconds. Thus, we believe that behavioral effects to sea turtles,
sturgeon, Epinephelus striatus (Bloch, 1792) (Nassau grou-
per), and elasmobranchs from boomer and chirp sub-bottom
profilers may be insignificant.

5.4. Effects Caused by Bathymetric Change

Essential habitat is defined as those waters and sub-
strate necessary for fish spawning, breeding, feeding, or
growth to maturity and includes the shape and elevation of
the seafloor. For example, abundance of some species seems
to be associated with large shoals, which may also serve as
hypoxia refuges, in some cases (Pickens and Taylor, 2020).
Bathymetric change from removal of sediments from offshore
shoals results in terrain flattening, which could be detrimen-
tal to species that prefer variation in seabed elevation. For
example, wave energy, currents, and light are hypothesized
to play important roles in orientation and movement during
horseshoe crab migration (Botton and Ropes, 1987; Chabot
and Watson, 2010); topographic changes, such as terrain flat-
tening or burrow pit formation, and turbidity have the potential
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to interfere with horseshoe crab migration depending on the
spatial and temporal extent and timing of the disturbance.
Further, creation of seabed depressions or pits could result in
long-term habitat loss depending on site size and proximity to
the shoreline (Pickens and Taylor, 2020). Though it is difficult
to predict, shoals can recover (see sec. 3.1.2 for a discussion),
and Rutecki and others (2014) provided recommendations for
the design of sediment removal operations to enhance shoal
recovery and, in turn, recovery of essential habitat. From a
review of the available literature, sediment removal from
shoals could result in loss of essential habitat, although it is
unclear how this translates to population-level species dynam-
ics, which should be considered an important knowledge gap.

5.5. Effects Caused by Sediment Placement on
Estuarine Beaches

The effect of nourishment on habitat suitability of estua-
rine beaches is an active area of research (Jackson and others,
2002). Habitat value, in general, is related to the interactive
effects of wave energy, storm frequency, sediment character-
istics, and water movement through the foreshore (Nordstrom
and others, 2018). Among the methods to mitigate erosional
loss, well-designed beach nourishment is more conducive
to maintenance or enhancement of habitat suitability than
alternatives, such as armoring and bulkheading. For example,
the estuarine beach environment is critical to horseshoe crab
egg and embryo development (Vasquez and others, 2015), and
carly life stage survival is critical to population growth (Sweka
and others, 2007). The beach foreshore is the dominant horse-
shoe crab spawning habitat; intertidal and subtidal habitats can
be used for spawning but are certainly used as nursery habitat
for juveniles (Botton and Loveland, 2003; Burton and others,
2009). Horseshoe crabs prefer well-acrated, sandy beaches
with low wave energy (Shuster and Botton, 1985; Botton and
others, 1988; Penn and Brockmann, 1994; Jackson and oth-
ers, 2004). But beach erosion and shoreline development are
major threats to spawning habitat (Botton and others, 1988;
Jackson and Nordstrom, 2009). Thus, well-designed sand
placement on estuarine beaches, which are otherwise suitably
located within the estuary relative to wave energy (Smith and
others, 2011), can enhance horseshoe crab spawning habitat
especially in contrast to other shoreline protections, such as
armoring (Jackson and others, 2002, 2010, 2015; Jackson and
Nordstrom, 2009). Importantly, improved spawning habitat
has the potential to increase the abundance of horseshoe crab
eggs available to foraging shorebirds in estuaries that serve as
migratory stopovers (Karpanty and others, 2011). However,
there is a lack of studies on potential adverse effects from
burial of organisms on the prenourished beach or by eroded
sediments on the low-tide terrace where, for example, juve-
nile horseshoe crabs live for the first couple years of life
(Burton and others, 2009). Thus, the net effect of sediment

management, which leads to adverse and beneficial impacts
at the removal and placement sites, remains an important
knowledge gap.

5.6. Knowledge Gaps and Relevant Data

Through the course of our review, we identified many
gaps in the knowledge base available to assess the impacts
of sediment removal and placement on fish and other marine
species. Additional research in the following areas would
help provide a comprehensive perspective to guide policy
decisions:

1. Fine-scale movement studies in areas where dredge
operations occur using a well-planned experimen-
tal design, such as Before-After-Control-Impact
(Smokorowski and Randall, 2017), including species
with diverse life history strategies. This could include
studies using satellite telemetry, three-dimensional
acoustic telemetry arrays, hydroacoustics, or environ-
mental deoxyribonucleic acid. The information gener-
ated would be useful to identify taxa that avoid dredg-
ing operations versus those that exhibit no avoidance
response (or taxis) to dredging operations.

2. Assessing contaminants in marine sand deposits would
help ensure that disturbed sediments do not release tox-
ins into the environment and food chain, particularly as
new and deeper borrow sources are used that may con-
tain fine material commonly associated with contaminant
presence.

3. There is a need for more in situ research focusing on
the actual responses of a variety of taxa to active sand
mining operations (ECORP Consulting, Inc., 2009).
Many of the studies referenced in our review focused
on the responses of fishes in laboratory experiments,
and it is possible that some responses may vary under
environmental conditions. New tools such as popoff
accelerometers allow researchers to quantify fine-scale
activity patterns on free-ranging animals (for example,
sea turtles, https://www.usgs.gov/center-news/tracking-
sea-turtles-new-data-collection-techniques-provide-fine-
scale-data).

4. More research is needed to comprehensively determine
the importance of marine sand deposits and sandbar
morphology as key habitats for all life stages of fish
and other marine species, throughout all seasons, and
the ecosystem services of subtle differences in habitat
complexity.

5. At present (2021), very little is known about the extent
of connectivity among sand habitats for fishes. Although
we know that some highly migratory taxa such as
Atlantic sturgeon and Morone saxatilis (Walbaum,

1792) (striped bass) use these habitats (Secor and others,
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2020), we do not understand how habitat changes at
specific sites may affect populations at the regional level.
We note that Atlantic sturgeon from populations across
the coast have been detected on coastal telemetry arrays
deployed in sandy coastal habitats (Arendt and oth-

ers, 2017).

. The net population effect of sand dredging operations

is not well assessed and is a research need to determine
how project-scale impacts translate to effects on popula-
tion growth, distribution, and abundance. Marine species
are subject to multiple threats from harvest and habitat
loss, which vary among regional populations; sediment
removal operations add to those threats as a mortality
source. The question is, “Is the spatial extent, intensity,
and frequency of sediment removal and sediment place-
ment enough to cause a population response, or do the
effects remain local and not evident at the population
level?” Development and testing of predictive models
for population-level effects from sediment removal,
including adverse and beneficial effects at the dredge
and depositional sites, are needed. This will require a
synthesis of research on component effects with integra-
tion into models. Generalizing to multiple species will
be difficult because vulnerability depends on life-history
and habitat requirements.

. Many species of elasmobranchs (sharks, skates, and

rays) rely on shallow nearshore coastal habitats as nurs-
ery grounds (Knip and others, 2010). Although elasmo-
branchs are essential components of coastal ecosystems
(Cortés, 1999; Knip and others, 2010), there is a general
lack of information regarding the effects of sediment
removal and placement on elasmobranchs, and relative
changes in species abundance have been observed in
areas with increased beach nourishment (Schwartz and
others, 2013). In North Carolina, the relative abundance
of Rhizoprionodon terraenovae (Richardson, 1836)
(Atlantic sharpnose sharks) has increased (Schwartz
and others, 2010), although the relative abundance of
Carcharhinus acronotus (Poey, 1860) (blacknose sharks)
has decreased (Schwartz and others, 2013) in Onslow
Bay from 1972 to the present (2021). Over a similar
period (1961-2021), the volume and frequency of
beach nourishment projects have increased in the same
area (North Carolina Beach Nourishment Database).
Unfortunately, it is unclear from this information if
changes in relative abundance are related to increased
sediment management activities or other abiotic or
biotic factors, such as seawater temperature changes or
geographic shifts in populations. It is clear that direct
investigation of the effects of sediment removal and
placement on elasmobranchs is necessary to understand
if these trends are related and if they are relevant to other
species and locations.

8. Effective mitigation of adverse impacts at dredging and
deposition sites is a key knowledge gap. Acute adverse
effects can occur when dredging overlaps with congrega-
tions along migratory corridors or at overwintering sites.
Seasonal and area restrictions to protect congregations
can mitigate dredging effects (Ray and Clarke, 2010).
The overlap of the dredging operation with marine spe-
cies spatial distribution, along with dredging intensity
and extent, can be used to predict impact and define area
closures. However, species distributions, although under-
stood at a coarse scale, are often not well understood at a
scale useful for assessing impacts of sediment removal.
Thus, occupancy modeling or species distribution
modeling would help fill that information need. The data
from NMFS, State agency, and academic fishery inde-
pendent surveys are relevant to that modeling effort. The
estuarine beach nourishment projects can be designed to
enhance habitat (Jackson and others, 2004), and the sand
for nourishment can come from onshore sources rather
than offshore shoals.

9. With the expanding footprint of human activities
adversely affecting coastal habitats in general, improv-
ing our understanding of their cumulative effects and the
relative effects of sediment management operations to
species of concern is important.

6.0. Impacts of Sediment Removal
and Placement on Subaerial Beach
Habitats

By Sara L. Zeigler, Alicia Berlin, Kathryn Smith, Kristen
M. Hart, Jennifer L. Miselis, and Kristi Yanchis

Sandy beaches provide several important ecosystem
services, including habitat for federally and State-listed plants
and animals. These ecosystems are also among the world’s
most threatened because of SLR, human development, and
recreation (Schlacher and others, 2007; Halpern and others,
2015). Beach nourishment can reduce habitat loss and deg-
radation by widening eroded beaches; however, this activity
can also alter habitat quality and disturb endemic species.
Here, we largely focus on the effect of ocean- or gulf-facing
beach sand placement on plants and animals that use these
environments for all or part of their annual cycle, although
we do acknowledge some instances where sediment removal
can affect these species. The ecological effects of sediment
removal are the focus of other sections in this report (secs. 4,
5, and 7).

The ecological effects of nourishment on beach ecosys-
tems can be divided into those related to construction during
the nourishment project and to the quality and quantity of
fill sediments placed on the beach. These general effects are
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further affected by the location and timing of the nourishment
project, as well as the nourishment technique used (Speybroek
and others, 2006). Disturbances in the forms of pipes, heavy
machinery (for example, bulldozers), artificial lighting, and
people are introduced to the beach ecosystem during the con-
struction phase of a nourishment project (reviewed in Greene,
2002). Nourishment projects can also change the elevation,
width, slope, and other aspects of the morphology of the beach
profile (Ernest and Martin, 1999; reviewed in Greene, 2002;
see sec. 3) while altering natural overwash processes critical
to the ecomorphologic function of a barrier island (see sec. 7).
Sediments placed during nourishment can lead to alterations
in sediment grain size, shape, color, moisture content, mineral
content, water potential, and porosity (reviewed in Milton
and others, 1997; Ernest and Martin, 1999; Brock and oth-
ers, 2009). Such changes from prenourishment conditions can
positively or negatively affect species diversity, abundance,
survival, and reproductive output in sandy beach ecosystems.

Although Peterson and Bishop (2005) highlighted a
paucity of nourishment impact studies with adequate experi-
mental controls, several nourishment-related effects have been
observed on two high-profile taxonomic groups—sea turtles
and shore/waterbirds—that use sandy beaches along the Gulf
and Atlantic coasts of the United States and the Caribbean.
Sea turtles rely on beach habitats for nesting, whereas shore/
waterbirds use these habitats throughout their annual cycle
during the nesting, migration, and overwintering phases. In
this section, we review the direct and indirect impacts of beach
nourishment on these taxonomic groups.

The main points from this section are as follows:

» Beach nourishment can lead to improved sea turtle
and shore/waterbird use by widening severely
eroded beaches.

* Depressed sea turtle nest success (that is, number of
female emergences that lead to a nest) is associated
with beach nourishment; on nourished beaches, female
emergences in which no nest is started (in other words,
“false crawl”) or in which a nest is abandoned mid-dig
are increased. Effects are attributed to the presence of
scarps and other alterations to the beach profile (wider,
flatter nourished beaches), as well as higher sediment
compactness on nourished beaches. Effects tend to
disappear after 1-2 years as the sediments and profiles
of nourished beaches equilibrate.

* Some studies suggest that beach nourishment can
reduce sea turtle hatching success (that is, number of
eggs that fully develop and hatch) by increasing the
likelihood that a nest will be washed out on nourished
beaches with artificially low slopes. Nourished beaches
also can cause low hatching success if fill sediments
alter the mineral content, gas exchange, temperature,
and moisture of the nest environment during embry-
onic development.

* One study found reduced hatchling survival on
nourished beaches, but this result was not statistically
significant. Other studies found no effect of beach
nourishment on hatchling success, but studies on this
topic are few.

 Extracting sediments from shoals, mudfiats, and
sandbars can remove foraging habitats that are vital to
overwintering and migrating shore/waterbirds.

» Losses in the abundance and diversity of seagrass,
macroinvertebrate, and benthic species during the
removal and placement phases of renourishment proj-
ects can propagate up through the food web to shore/
waterbirds, resulting in reduced shore/waterbird popu-
lations on nourished beaches throughout the annual
cycle. Detrimental effects to shore/waterbirds through
the food web can persist for months to several years.
However, the placement of dredged materials can also
provide entirely new foraging grounds for these birds
where such habitats were previously lacking (because
of shoreline erosion, for example).

» Sediment placement during the shore/waterbird breed-
ing season can harm reproductive success by increas-
ing human disturbance, crushing or burying eggs and
chicks, reducing prey species, and impeding access to
back-barrier foraging habitats. Many of these effects
should be avoidable by conducting nourishment activi-
ties outside of the breeding season. However, direct
links between shore/waterbird reproductive success
and beach nourishment projects are lacking.

* Sediment placement can benefit shore/waterbird com-
munities by creating beach and backshore nesting
habitats on eroding shorelines, minimizing vegetation
growth and succession, and providing shell-hash that
camouflages eggs.

6.1. Nesting Sea Turtles

Five of six federally protected species of sea turtles nest
along U.S. Gulf or Atlantic coastlines. These species include
loggerhead, Kemp’s ridley, green, Eretmochelys imbricata
(Linnaeus, 1766) (hawksbill), and leatherback sea turtles. In
the United States, loggerheads nest from Texas to Virginia
(NMFS and USFWS, 2008), and Kemp’s ridley sea turtles nest
in small numbers from Texas to North Carolina (NMFS and
USFWS, 2015). Hawksbill, green, and leatherback sea turtles
nest primarily along the coast of Florida (NMFS and USFWS,
1991, 1992, 2013), but green and leatherback sea turtles have
been recently observed in the Carolinas. All species, except
for Kemp’s ridley, nest in the Caribbean (NMFS and USFWS,
1991, 1992, 2008, 2013, 2015).
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Sea turtles use the subaerial beach ecosystem only for
nesting, and, in this section, we focus on potential effects of
sand placement on reproductive success. Additional effects on
sea turtles during other phases of the life cycle are discussed in
section 5.

Females emerge on high-energy ocean beaches between
February and November (variations within that window
depend on the species and region), where they crawl landward
in search of a suitable location, dig pits in the sand, lay and
bury eggs, and then return to the ocean within a relatively
short window of time (Hailman and Elowson, 1992). Females
typically place nests between the high-tide line and dune face
on areas with steep slopes—what is believed to be an impor-
tant cue for preventing nest loss to overwash and inundation
(Provancha and Ehrhart, 1987; Wood and Bjorndal, 2000).
Once laid, eggs require suitable humidity and temperature
conditions for embryonic development, particularly because
specific gas exchange and temperature ranges are critical
(Miller and others, 2003; Lamont and others, 2020). Eggs
hatch after sufficient incubation and development, at which
point hatchlings dig upward and out of the nest all together
and disperse into the ocean using temperature and light cues
(Moran and others, 1999; Stewart and Wyneken, 2004).
Because beach nourishment can alter beach morphology and
sediment characteristics (as discussed in sec. 3), nourishment
projects can affect nesting success (or the number of female
emergences that lead to a nest), hatching success (or the
number of eggs that fully develop and hatch), and hatchling
success (or the number of hatchlings that successfully emerge
from the nest and crawl to the ocean).

6.1.1. Nesting Success

In one study, nourishment created sandy habitat where
none previously existed on severely eroded beaches, which
resulted in turtle nests for the first time in many years along
several small stretches of coastline (Ernest and Martin, 1999).
However, these authors also found that, despite a substantial
increase in nesting habitat on two nourished beaches, the num-
ber of nests did not correspondingly increase. Furthermore,

a substantially larger proportion of female emergences on
nourished beaches resulted in false crawls, where females
returned to the ocean without laying a nest—a pattern that
was particularly evident in the first year after nourishment.
Females also abandoned nests mid-dig without laying eggs
more frequently on nourished beaches (Ernest and Martin,
1999). In a similar study, nest success (measured as the ratio
of nesting emergences to false crawls) was substantially lower
for loggerhead and green sea turtles on nourished beaches.
This effect persisted for only the first year after nourishment,
after which point nesting success on nourished and unnour-
ished beaches was similar (Brock and others, 2009). Several
other studies also found depressed nest success (females that
nest/total emergences) on nourished beaches, particularly in

the first year after nourishment (reviewed in Grain and others,
1995; Steinitz and others, 1998; Rumbold and others, 2001;
Cisneros and others, 2017).

Lower nesting success on nourished beaches was primar-
ily attributed to construction-related changes to beach profile
and sediment compactness (Steinitz and others, 1998; Ernest
and Martin, 1999; Rumbold and others, 2001; Brock and oth-
ers, 2009; see sec. 3 for more details). Steep escarpments are
usually created close to the ocean shoreline during nourish-
ment, and these features can obstruct accessibility of emerging
females to suitable habitat (Grain and others, 1995; Steinitz
and others, 1998). The effect of nourishment-created scarps
may depend on the species; Nelson and Bilhovde (in Byles
and Fernandez, 1998) found that green sea turtles were able to
traverse vertical scarps up to 20 cm high and were generally
able to traverse higher and steeper scarps than leatherback sea
turtles. However, Rivas and others (2016) report that between
18 and 24 percent of leatherback sea turtles did not climb over
dune scarps on a Costa Rican beach and instead laid their eggs
below the high-tide line, where they were more vulnerable to
wash out. In contrast, Brock and others (2009) hypothesized
that nourished beaches were too wide and flat, resulting in
false crawls as females terminated their nesting attempts
before reaching dune features.

Other studies also found that females spent more time
digging nests or were more likely to abandon a nest without
laying eggs on nourished beaches containing more-compact
sediments (Steinitz and others, 1998; Ernest and Martin,
1999). Beach profile and sediment compactness tend to
equilibrate through time to more natural conditions, explaining
why nourishment impacts on sea turtle nesting success dis-
sipate after about | year (reviewed in Grain and others, 1995;
Steinitz and others, 1998; Ernest and Martin, 1999; Rumbold
and others, 2001; Brock and others, 2009; Cisneros and oth-
ers, 2017).

In addition, Lamont and Houser (2014) found that nesting
female emergences exhibited a statistically significant cluster-
ing in space and time along the authors’ peninsular study site.
This clustering of emergences was correlated to nearshore
characteristics such as wave height, bathymetry, and current
velocities. These results support studies from other beaches in
Florida (Provancha and Ehrhart, 1987; Weishampel and oth-
ers, 2003) and elsewhere (Marcovaldi and Laurent, 1996) that
demonstrate a clustering of emergences for loggerheads. The
relation between nearshore characteristics and nest site selec-
tion has also been previously documented (Williams-Walls
and others, 1983; Provancha and Ehrhart, 1987; Horrocks and
Scott, 1991). Therefore, nest site selection likely begins while
the turtles are in the nearshore environment, and activities that
alter that nearshore environment—such as shoreface nourish-
ment (see details in sec. 3), construction of jetties, dredging, or
installation of pilings—may affect sea turtle nest distribution.

Finally, Greene (2002) also hypothesized that pipelines,
heavy equipment, and artificial lighting used in the construc-
tion phase of nourishment projects could lead to a decline
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in emerging and nesting females. However, we were unable
to find studies to support these hypotheses in the published
literature.

6.1.2. Hatching Success

The conclusions regarding the effects of beach nourish-
ment on sea turtle hatching success are varied. Several studies
found no apparent effect of beach nourishment on hatching
success (Milton and others, 1997; Davis and others, 1999;
Brock and others, 2009). However, Ernest and Martin (1999)
and Cisneros and others (2017) found evidence of reduced
hatching success on nourished beaches. Although loggerhead
nests were more likely to be overwashed on unnourished
beaches (that is, overwashed but not lost), nests were more
likely to wash out on wider, flatter nourished beaches (Ernest
and Martin, 1999). This increased risk of nest washout per-
sisted into the second year after nourishment. The authors
attributed this effect to (1) the lower slope of the constructed
beaches in the first year, which allowed swash to extend
farther up the beach, and (2) the increased seaward placement
of nests because of scarps in the second year after nourishment
(Ernest and Martin, 1999). Cisneros and others (2017) attrib-
uted reduced hatching success on nourished beaches to the use
of coarse-grained sediments and a higher carbonate content
compared to native material.

When nests lost to washout and erosion were removed
from analysis, nests on nourished beaches had similar (Ernest
and Martin, 1999) or better (Brock and others, 2009) rates of
hatching success compared to those on unnourished beaches.
Therefore, reduced hatching success seems to be related to
washout risk, and changes in sediment characteristics likely do
not inhibit the embryonic development or percentage of eggs
that hatched (Ernest and Martin, 1999). Ernest and Martin
(1999) noted that incubation on nourished beaches had two
equal but opposite effects on hatching success. Nourished
beaches were more conducive to the initiation of embryonic
development than unnourished beaches, but conditions on the
constructed beaches became less favorable at later stages of
development. The authors attribute these effects to suboptimal
sediment temperature and (or) gas diffusion surrounding nests
on nourished beaches (Ernest and Martin, 1999). Lamont and
others (2020) note that temperatures and incubation durations
on nesting beaches may be regulated by differing sources of
sand and beach orientations, which could be affected by nour-
ishment activities.

Although Milton and others (1997) reported similar
rates of loggerhead sea turtle hatching success on nourished
and unnourished beaches in Florida, the authors noted that
nourishment with fill materials that contained aragonite sands
resulted in cooler sediment temperatures than native silicate
sandy beaches. Other nourishment projects that used darker fill
materials elevated sediment temperatures compared to unnour-
ished beaches (reviewed in Grain and others, 1995). Because
temperature during incubation determines sex in sea turtles
(reviewed in Grain and others, 1995), altered temperatures

could skew the sex ratios in sea turtle populations. However,
we found no experimental study in the literature to support the
effect of nourishment on sex ratio and prevailing population
dynamics.

Finally, Grain and others (1995) also discussed several
other potential effects of beach nourishment on sea turtle
hatching success. These include nourishment-related changes
to mineral content, gas exchange, temperature, and moisture,
as well as an increased prevalence of contaminants from
certain fill sediments (especially those borrowed from canals,
harbors, and channels)—all of which could slow or halt
embryonic development. Authors also note the risk of burying
nests under excess sand. However, evidence is lacking in the
published literature to support the extent of these effects.

6.1.3. Hatchling Survival

Few studies evaluate the effect of nourishment on hatch-
ling, and further study may be required. Based on what evi-
dence is available, most studies suggest that nourishment does
not negatively affect hatchling survival. Several studies noted
no significant differences between emergence success on nour-
ished and unnourished beaches (Raymond, 1984; Broadwell,
1991; Milton and others, 1997; Brock and others, 2009). In
one instance (Ernest and Martin, 1999), authors did find higher
numbers of dead hatchlings in nests on nourished beaches and
that it took longer for surviving hatchlings to emerge, although
these results were not statistically significant.

6.2. Shorebirds and Waterbirds

Shorebirds and other waterbirds rely on sandy beach
habitats throughout their annual cycle along United States
coastlines. Waterbirds include any avian species that lives
on or near water, such as gulls, terns (including Sternula
antillarum [Lesson, 1847] [least terns] and Sterna dougal-

lii [Montagu, 1813] [roseate terns]), Haematopus palliatus
(Temminck, 1820) (American oystercatchers), Rynchops niger
(Linnaeus, 1758) (black skimmers), and Phalacrocorax auri-
tus (Lesson, 1831) (double-crested cormorants). Shorebirds
are a subset of waterbirds in the order Charadriiformes that
live along shorelines and tidal flats and include species of
interest like piping plovers, Charadrius nivosus (Cassin, 1858)
(snowy plovers), and Calidris canutus (Linnaeus, 1758) (red
knots). About 50 species of shorebirds are common to North
America, and about one-third of them are projected to reach
“Endangered” status within the next century (Guilfoyle and
others, 2007). Therefore, many avian species, including many
of conservation concern, can be affected by beach nourish-
ment irrespective of when and where nourishment projects are
implemented.

Shorebirds and many species of waterbirds lay eggs in
small depressions in the sand each year between February and
September (exact length of season depends on species; Natural
Resources Conservation Service [NRCS], 2000). Nests are
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typically constructed in beach and backshore areas, sand flats,
overwash fans, natural, low-elevation dune complexes, and
dredge material deposits (Plauny, 2000; McGowan and others,
2005; USFWS, 2010, 2020; Webber and others, 2013; Maslo
and others, 2016; Zeigler and others, 2021). These settings are
often far enough from high-energy shorelines to prevent nest
flooding but not so far into the vegetated interior that adults
and nests are at risk of predation. Nesting habitat also tends

to occur in areas with substrates that are a mix of sand and
coarser materials (for example, shell) with minimal vegeta-
tion (Plauny, 2000; McGowan and others, 2005; USFWS,
2010, 2020; Webber and others, 2013; Maslo and others, 2016;
Zeigler and others, 2021). After incubation, hatched chicks

of many shore/waterbird species are precocial, meaning they
can walk and feed themselves. However, because chicks are
unable to fly until several weeks after hatching, access to
adequate foraging habitat on foot is a critical component of
habitat suitability for many of these species (Webber and oth-
ers, 2013; American Oystercatcher Working Group and others,
2020; Gochfeld and others, 2020; Thompson and others,
2020; Zeigler and others, 2021). For these reasons, storm-
created overwash fans offer important habitat for many species
because they have minimal vegetation, shelly substrates,

and access to low-energy intertidal areas on the back-barrier
(Convertino and others, 2011b; Maslo and others, 2016;
Zeigler and others, 2019). Nourishment activities can affect
these sandy beach habitats critical for nesting and foraging
(discussed in sec. 6.2.1).

Sandy beaches, intertidal zones, and offshore shoals
along the Gulf and Atlantic coasts also offer critical overwin-
tering and stopover habitats for migratory shore/waterbirds;
about 10-20 million birds migrate through the Atlantic coastal
waters each year. Listed species and species of concern—such
as Gavia spp. (J. R. Forster, 1788) (loons), Melanitta spp. (F.
Boie, 1822) (seaducks), red knots, piping plovers, Numenius
phaeopus (Linnaeus, 1758) (whimbrel), and Limosa fedoa
(Linnaeus, 1758) (marbled godwit)—rely on these habitats
for food and rest, typically between July and March each
year (Guilfoyle and others, 2007). An adequate food sup-
ply is critical for these species because they perform long,
energy-expensive migrations two times per year. Poor fat
composition resulting from inadequate food supplies during
migration and overwintering can affect a bird’s ability to sur-
vive and reproduce throughout the annual cycle (Buehler and
Piersma, 2008).

Shore/waterbirds rely on a variety of marine habitats for
food during all phases of the annual life cycle. Shorebird prey
include insects, worms, amphipods and other crustaceans,
small fish, and clams and other shellfish (Schneider, 1983).
Other waterbirds forage on animal (for example, amphipods,
crustaceans, fish, and mollusks) and plant (for example,
seagrass seeds, tubers, and leaves) food items (Perry and oth-
ers, 2007). Plant and prey taxa are predominantly found in or
on moist substrates along intertidal zones, ponds, ephemeral
water bodies, and sea wrack, as well as tidal flats, sandbars,
and shoals in the nearshore and offshore zones (Plauny, 2000;

Fraser and others, 2005; Burger and others, 2007; Perry and
others, 2007; Cohen and Fraser, 2010; Maslo and others,
2012). Therefore, nourishment effects on foraging habitats and
(or) prey species could have consequences for shore/water-
birds during the nesting, migratory, and overwintering seasons.

Beach nourishment can affect shorebird and waterbird
populations throughout the annual cycle depending on where
and when sediments are extracted and placed. In this section,
we report what is known about the effects of dredging and
beach nourishment activities on foraging habitat and reproduc-
tive success for these avian taxa.

6.2.1. Foraging Habitat

As discussed in more detail in section 3, sediments are
usually extracted from inlet-associated and ebb-tidal delta
shoals and sandbars, as well as the shoreface. These activi-
ties can cause the direct physical removal of habitats used
by foraging shore/waterbirds (Guilfoyle and others, 2007).
Dredging activities can also indirectly affect shore/waterbirds
by damaging seagrass meadows during the removal process
and by creating high turbidity and siltation conditions that
are lethal to these plant species (Caldwell, 1985; Dennison,
1991; Onuf, 1994; Hemminga and Duarte, 2000; Sabol and
Shafer, 2005). Seagrass meadows offer important habitats
for macroinvertebrates that serve as prey for shore/waterbird
communities (Heck and others, 2008). Furthermore, as much
as 50 percent of seagrass biomass annual production can be
deposited on the beach via currents and waves (Mateo and oth-
ers, 2003; Mateo and others, 2006), and intertidal isopods that
break down seagrass wrack are an important food source for
shorebirds (Lenanton and others, 1982; Lenanton and Caputi,
1989; Heck and others, 2008). Finally, dredging and sediment
placement can remove and bury, respectively, beach wrack
deposits. Shorebird population abundance has been linked to
the quantity of beach wrack, indicating a strong connection
between intertidal plant production and shorebird populations
(Bradley and Bradley, 1993). Numerous waterbird species
rely on seagrasses for food during winter and along migra-
tion routes, and declines in these food resources have affected
their abundance, distribution, and habitat use (Perry and Uhler,
1988; Perry and others, 2007).

Placed sediments during nourishment activities can also
affect shore/waterbird populations by reducing prey avail-
ability. As discussed in section 3, placed sediments are often
layered on the shoreface, beach, foredune, marsh/back-barrier
flats, or along estuarine shorelines—areas where shore/
waterbirds frequently forage throughout the annual cycle.
Several studies documented reductions in the abundance and
diversity of macroinvertebrates and benthic assemblages—
which include shorebird prey species—on nourished beaches
(McLachlan, 1996; Rakocinski and others, 1996; Peterson
and others, 2000b; Peterson and others, 2006; Colosio and
others, 2007). As discussed in greater detail in section 4,
placed sediments can suffocate (Rakocinski and others,

1996; Peterson and others, 2000b), crush (McLachlan, 1996;



6.0. Impacts of Sediment Removal and Placement on Subaerial Beach Habitats 43

Colosio and others, 2007), or otherwise create a more stressful
environment for macroinvertebrates and benthic assemblages
(McLachlan, 1996; Rakocinski and others, 1996). Authors
generally attribute the loss of these species to the volume of
sand placed on top of these communities (McLachlan, 1996;
Colosio and others, 2007), use of substantially different grain
sizes compared to native sediments (Rakocinski and others,
1996; Peterson and others, 2000b; Colosio and others, 2007),
changes to the beach profile (McLachlan, 1996; Rakocinski
and others, 1996), or the colonization of competing non-
native species (Norkko and others, 2002; Thrush and others,
2003; Martin and others, 2005; Lohrer and others, 2006; Tu
Do and others, 2012). Reductions in macroinvertebrate and
benthic species abundance and diversity occur immediately
after nourishment (Peterson and others, 2000b, 2006), and the
recolonization and recovery of these communities can take
months to several years (Tu Do and others, 2012; Peterson and
others, 2014).

Evidence suggests that nourishment-related changes to
macroinvertebrate and benthic communities propagate up to
shorebirds through the food web throughout the entire annual
cycle. Convertino and others (2011a) observed declines in
nesting snowy plovers and in wintering snowy and piping
plovers in the year after a beach nourishment project. Peterson
and others (2006) noted a sevenfold reduction in feeding
shorebird numbers on beaches that were nourished between
March and September of that year, although there was no
significant difference in shorebird numbers between nourished
and unnourished beaches by November. In another study, the
die-off of a polychaete after nourishment led to a drop-off in
the number of foraging Calidris alba (Pallas, 1764) (sand-
erling; reviewed in Speybroek and others, 2006). Although
reductions in shorebird numbers were largely attributed to
reductions in the benthic prey community, some authors
posited that higher levels of sediment compaction, larger grain
sizes, and higher concentrations of shell hash compared to
native sediments on nourished beaches could also affect the
ability of birds to probe for prey (Peterson and others, 2006;
reviewed in Speybroek and others, 2006).

In general, changes to prey availability and foraging
habitat conditions resulting from beach nourishment can
greatly affect the availability of prey and the amount of energy
a shore/waterbird expends to forage (as reduced prey availabil-
ity and sediment compaction increases search time for prey).
The food taken at any one time depends on the preferences of
the birds and the availability of the food items. Thus, as the
availability of any food item changes, the food habits and pos-
sibly the relative abundance of the birds may change and result
in movement into or away from an area (Berlin, 2008).

In contrast, Leewis and others (2012) found no negative
long-term effects of sand placement on four macroinverte-
brates studied, and Grippo and others (2007) did not find
strong evidence that migratory shorebird abundance or feeding
activity were significantly altered by a nourishment project.
Peterson and others (2000b) noted rapid macroinvertebrate
recovery after nourishment in some studies and attributed this

recovery to the use of sediments with grain sizes similar to
those of native materials. Some studies also indicate that the
placement of dredged materials creates entirely new habitats
that are quickly colonized by breeding, migrating, and over-
wintering shore/waterbirds (examples throughout Guilfoyle
and others, 2006, 2007)—although grain size, slope, and use
of rip rap and sand bags on these constructed islands or tidal
flats affected use and suitability (Guilfoyle and others, 2006,
p- 37-39). Comparisons between tidal flats constructed using
dredge material and natural tidal flats showed similarities in
species richness, species composition, and diversity within

2 years of construction (Ray, 2000). Given competing results
in studies of beach nourishment impacts on foraging shore/
waterbirds, further study on which nourishment project condi-
tions lead to null effects on avian species compared to condi-
tions that lead to negative effects may be warranted.

6.2.2. Reproductive Success

Sand placement during beach nourishment also can affect
the reproductive success of breeding shore/waterbirds through
changes to habitat availability, the cues adults use to establish
breeding territories, and the survival of chicks to fledging. The
nature of these effects is mixed, potentially enhancing repro-
ductive success in some ways and reducing it in others.

We discussed the negative effects of beach nourishment
on prey species in the previous section (as well as sec. 4).
Sand placement is expected to affect prey resources for shore/
waterbirds and their chicks for at least one breeding season
after every nourishment cycle. The effect of frequent and
repeated nourishment cycles (for example, a 4-year cycle) is
likely nonlinear but requires additional study.

Elevation gains and complementary activities to stabi-
lize the shoreline—such as sand fencing, constructed dunes,
and jetty construction—are also often associated with beach
nourishment (see sec. 3). These activities could limit natural
overwash processes or restrict chick access to high-quality
foraging habitat along inlets or the back-barrier shoreline
(Guilfoyle and others, 2006, p. 21-22; reviewed in Lott and
others, 2007; Schupp and others, 2013). Adults may be less
likely to select beach habitats that do not have access to these
foraging habitats (Elias and others, 2000; Cohen and others,
2009; Zeigler and others, 2021), whereas studies have found
that chick survival is substantially lower on beaches that do
not have access to these foraging habitats (Patterson and oth-
ers, 1991; Loegering and Fraser, 1995; Goldin and Regosin,
1998). If nourishment alters the quality, quantity, or access to
foraging habitats—by reducing prey availability (sec. 4) or by
impeding overwash or access to back-barrier foraging habitats
(secs. 3 and 7)—beach nourishment could reduce reproduc-
tive success by limiting habitat availability or by reducing
chick survival. However, to our knowledge, direct causal links
between beach nourishment and shore/waterbird productivity
have not been studied and represent a knowledge gap.
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In addition, Greene (2002) indicated that nourishment-
related construction activities and materials—including
pipelines, construction vehicles, and human activity on the
beach—could displace or disturb nesting shorebirds. Beaches
around inlets, which are usually the site of dredging activi-
ties, are important shorebird habitats, and the risk of distur-
bance is high in these locations (Guilfoyle and others, 2006,
p. 10—11; Guilfoyle and others, 2007). Beach nourishment
can also widen beaches and promote increased human use and
recreation of these sensitive ecosystems. Although we were
unable to find information on the direct effects of nourishment
projects on the health of shore/waterbirds, a few studies have
established the cumulative effects of human disturbance on
these species and their survival throughout the annual cycle
(Martin and others, 2005; Gibson and others, 2018; van der
Kolk and others, 2020). Human disturbance in the early breed-
ing season can result in territory abandonment and disruption
of pair bonds. Adults that take frequent recesses or make rest-
less movements from a nest, which could occur in response to
human disturbance during nourishment projects, increase the
likelihood of failed nests (Smith and others, 2012) because of
abandonment, predation, and overheating (Smith and oth-
ers, 2012; Andes and others, 2020). Chicks that hatched on
beaches with high human recreational use spent less time
foraging and had lower survival rates (DeRose-Wilson and
others, 2018). Finally, disturbance during the end of the breed-
ing season into the fall can disrupt prospecting activities of
recently fledged offspring, which can affect nest site selec-
tion in the following year (Davis and others, 2017). Although
there are no studies available that link human disturbance
related to beach nourishment activities to low shore/waterbird
reproductive success, the research described here does suggest
that—if beach nourishment activities disturb breeding shore/
waterbirds—one could expect repercussions for adults and
chicks that ultimately result in lower productivity rates.

Nourishment-related sand placement and construction
activities, such as the use of pipelines, the use of bulldoz-
ers, and human foot traffic, during the nesting season could
also crush or bury eggs and chicks (Greene, 2002), which are
highly camouflaged by native sediments and would be difficult
to avoid. However, beach nourishment projects rarely occur
during the shore/waterbird breeding season, and we were
unable to find causal linkages between beach nourishment and
shore/waterbird reproductive success in the literature.

Several studies also demonstrate beneficial effects of
nourishment on shore/waterbird habitats. Beach nourishment
can widen eroding beaches, creating backshore nesting habi-
tats where none existed before nourishment (Nordstrom, 2005;
Fraser and others, 2006; Guilfoyle and others, 2006; reviewed
in Lott and others, 2007). Compared to native materials,
placed sediments also tend to have coarser grains and a higher
concentration of shell fragments—sediment characteristics
that are frequently selected by nesting shorebirds (reviewed
in Speybroek and others, 2006; Zeigler and others, 2021).
Sandy substrates, particularly those mixed with shell or rock
fragments, provide camouflage for mottled shorebird eggs and

allow adults and chicks to “hide in plain sight” (Fraser and
Catlin, 2019). Sediments placed during nourishment can also
slow vegetation regrowth (reviewed in Speybroek and others,
2006). This reduction in vegetation increases a bird’s ability
to detect approaching predators and maximize the benefits of
cryptic coloration through common nest defense behaviors
(for example, false brooding, running, feigning injury, or stay-
ing motionless; Cairns, 1982). Some studies have suggested
that high shell hash and minimal vegetation increase nest suc-
cess for plovers and other ground-nesting species (Gaines and
Ryan, 1988; Colwell and others, 2011; Troscianko and others,
2016), although others have found contrary results (Patterson
and others, 1991; Darrah and others, 2018). Through these
mechanisms, beach nourishment could increase the quantity
and quality of available nesting habitat, ultimately improving
the productivity and reproductive success of shore/waterbird
populations.

6.3. Impacts on Other Taxa, Opportunities for
Further Research, and Recommendations

6.3.1. Other Taxa

A variety of other taxa rely on sandy beach habitats
in the United States—including federally listed insects like
the Habroscelimorpha dorsalis dorsalis (Say, 1817) (north-
eastern beach tiger beetle), plants like Amaranthus pumilus
(Raf.) (seabeach amaranth), and mammals like Peromyscus
polionotus sp. (Wagner, 1843) (beach mice). Literature on
the effects of nourishment on species beyond sea turtles and
shore/waterbirds exists but remains scarce. For instance,
Fenster and others (2006) suggested that beach nourishment
improved tiger beetle habitat by replenishing eroded beaches
to more preferred widths. Beach mice can also benefit from
beach nourishment but generally only when such restora-
tion projects also include dune rebuilding and vegetation
plantings (USFWS, 2014, 2019). Adding sand to sediment-
starved beaches promotes the natural development of primary,
secondary, and scrub dune ecosystems, which serve as critical
habitat for beach mice. The associated construction of artificial
berms with vegetation plantings directly creates beach mouse
habitat while also allowing for functional connectivity among
subpopulations. Activities that foster movement among sub-
populations is particularly important for this species because
reduced genetic variation and genetic bottlenecks are cited as
a threat to several beach mouse subspecies (USFWS, 2014,
2019). However, beach nourishment alone may have little ben-
efit to beach mice without complementary restoration efforts
(K. Yanchis, USFWS, written commun., 2020). Additional
research is warranted to more clearly understand how beach
nourishment, complementary practices (such as, bulldozing
and artificial dune construction), and associated activities (for
example, off-road vehicle use and increased human recreation
use) affect the diverse community of species that inhabit
sandy beaches.
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6.3.2. Opportunities for Further Research, Impact
Monitoring, and Evaluation

Peterson and Bishop (2005) noted “numerous inad-
equacies” in the designs of studies evaluating the biological
impacts of beach nourishment. These authors indicated that,
of 49 studies found at that time, only 11 percent accounted
for natural spatial and temporal variation in the ecosystem,
and 56 percent of studies reached conclusions that were not
adequately supported by their results. Furthermore, Peterson
and Bishop (2005) noted that monitoring is conducted pre-
dominantly by project promoters without independent peer
review or adequate expertise in biostatistical analyses. For
our review in this report, 15 years later, we continue to find
only a few studies that evaluated the direct effects of beach
nourishment on coastal taxa, and most of these studies focused
on sea turtles and shorebirds. In addition to the data types and
metrics recommended for impact monitoring in appendix 1,
the following additional areas of research and monitoring may
be warranted:

1. The effects of beach nourishment on other coastal taxa.

Most beach nourishment impact studies focused on sea
turtles and shorebirds, two high-profile, charismatic taxa.
However, a variety of other federally and State-listed
species rely on these sandy habitats, and the effects of
beach nourishment on plants, insects, and other species
should be evaluated.

2. Statistically rigorous before-and-after monitoring studies
on species’ population dynamics.

Additional research is needed that examines species
use, survival, and reproductive success and productivity
throughout the annual life cycle. Particularly, pelagic
waterbird species lack historical, comprehensive datasets
to examine population trends over time (Guilfoyle and
others, 2007). Species-use and population dynamics
should be evaluated before and after nourishment proj-
ects, requiring several years before and after to capture
natural variability and trends before nourishment proj-
ects compared to after their implementation. In addition,
monitoring survival and productivity for several years
after completing a nourishment project can elucidate
how long any nourishment-related effects on popula-
tion dynamics last. Monitoring and research should

use adequate controls (for example, non-nourished and
[or] “pristine” beaches) and be completed or vetted by
independent agencies (in other words, not the project
promoter).

3. Evaluation of the effects of repeated nourishment cycles.

Most studies we reviewed examined the effects of a
single beach nourishment application on the popula-
tion dynamics of sea turtles and shorebird prey species.
However, many beach nourishment projects occur in
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cycles (for example, every 4 years), and the cumula-
tive effects of several applications on relevant species
and their prey are unknown. Furthermore, the effect of
an event on population dynamics may not be seen for
several years because time lags exist between reduc-
tions in survival or reproduction and population size (for
example, Zeigler and others, 2019). To directly assess
cumulative impacts of repeated nourishment on coastal
species, the evaluation period for quantifying effects
should be extended.

4. Evaluation of the biological effects of construction,
disturbance, and other related practices.

Greene (2002) hypothesized that pipelines, heavy
equipment, artificial lighting, and human disturbance
used in the construction phase of nourishment projects
could lead to a decline in the reproductive success of
sea turtles and shorebirds. However, no studies to our
knowledge have examined these potential effects.

5. Evaluation of other beach nourishment-related effects on
sea turtles.

Grain and others (1995) discussed potential
nourishment-related changes like excessive burial and
changes to mineral content, gas exchange, temperature,
moisture, and contaminant load on developing sea turtle
eggs. However, no studies to our knowledge have exam-
ined these potential effects. Furthermore, studies show
conflicting evidence of beach nourishment impacts on
sea turtle embryonic development and hatchling success.
Additional studies may be needed to more definitively
understand how beach nourishment affects sea turtle
reproductive success.

1.0. Impacts of Sediment Removal and
Placement on Coastal Resiliency

By Davina L. Passeri, Daniel J. Ciarletta, Christopher G.
Smith, Kathryn Smith, and Sara L. Zeigler

Coastal resiliency is defined as the ability of a coastal
system to respond to and recover from perturbations, natural
or otherwise. In their natural states, barrier islands are inher-
ently resilient to short- and long-term drivers such as storms
and SLR, respectively. During storms, sediment is exchanged
among the dunes, beach, and shoreface to reduce wave energy.
During poststorm periods of recovery, waves and currents
return sediment to the beach to increase elevation and width,
whereas winds transport beach sediment to the dunes so that
they grow and revegetate. Over longer timescales, barrier
islands migrate landward or seaward in response to changes
in sea level, constantly maintaining elevations and widths in
balance with sea level through dune overwash, alongshore
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transport, and marsh accretion. Connectivity through these
short- and long-term exchanges of inorganic sediments and
organic materials across the barrier island are critical for
maintaining the form and function of its ecosystems. As such,
it is this natural physical and ecological resiliency that has
allowed barrier islands to successfully support coastal com-
munities and their economies. For example, beaches are a key
element of the travel and tourism industry (Houston, 2013).
Barrier islands also protect mainland communities during
storms (for example, Irish and others, 2010). In addition to
human communities, barrier islands contain ecologically and
economically significant ecosystems for a variety of spe-
cies. However, there are costs associated with the services
barrier islands provide over short and long timescales. This
section discusses how sediment removal and placement can
affect short- and long-term coastal resiliency. Efforts aimed
at improving coastal resiliency through sediment placement
are presented first, followed by discussions of negative effects
caused by sediment removal. Examples of the former were
more prominent in the literature than the latter.

The main points from this section are as follows:

* Sediment placement either through nourishment or
emergency sand berms is a short-term strategy that can
help protect coastal infrastructure and critical habitats
from storm inundation.

» Sediment removal, such as channel dredging, may
increase tide and storm-surge inundation in coastal
embayments, which can adversely affect infrastructure
and habitats.

+ A few studies suggest that nourishment may be help-
ful in reducing erosion under future SLR; however,
artificially high nourished dunes may reduce overwash
and deprive back-barrier environments of deposition
needed to keep pace with SLR.

» The effects of sediment removal, such as downdrift
shoreline erosion and reduced sediment supply, may be
exacerbated by SLR.

» Sediment removal and placement can have varying
effects on coastal ecosystems.

1.1. Impacts of Sediment Placement and
Removal on Short-Term Coastal Resilience

7.1.1. Sediment Placement and Short-Term
Resiliency

As described in detail in section 3.2, several types of
nourishment strategies can be used to protect and restore
coasts. Depending on the desired location of maximum
benefit, sand can be placed on dunes, the subaerial beach
(beach berm), along the entire beach profile (subaerial and
submerged), or on the shoreface or sandbar (submerged fill or

feeder berm) (z; Campbell and Benedet, 2004). In the United
States, beach nourishment is the most commonly used soft
engineering method to mitigate flooding and damage dur-

ing storms along beaches where managed retreat is unlikely
(Kress and others, 2016; Beck and Wang, 2019). Through
field observations and modeling assessments, beach and dune
nourishment have been accredited with reducing infrastructure
damage caused by major storms and hurricanes (Dean, 2005;
Rogers, 2006). This is a result of higher, wider beaches and
(or) dunes from sand placement, which reduces storm flooding
and erosion (see sec. 3.2.2. for details). For example, field sur-
veys that were conducted after Hurricanes Dennis and Floyd
(1999) on the North Carolina coast revealed that no buildings
were threatened by shoreline erosion on nourished beaches.

In comparison, 903 buildings were threatened and 65 build-
ings were destroyed on adjacent non-nourished beaches
(Rogers, 2006).

Nourishment can provide storm protection, but the ben-
efits are often considered temporary, thus requiring mainte-
nance or “re-nourishment” schedules. The persistent effects
of sediment placement often depend on several site-specific
characteristics, making it difficult to define or quantify success
over time. Monitoring of nourishment projects after sediment
placement is typically performed over short periods; however,
postproject monitoring assessments are not easily found in
peer-reviewed scientific literature, and longer-term assess-
ments (multiple years after a project) of the effectiveness of a
project are rare. A 1998 beach and dune nourishment project
in Wrightsville Beach, N.C., was assessed using remotely
sensed data. The study showed that 1 year after the project
was completed, about two-thirds of initial infill material had
been eroded from the subaerial beach as a result of Hurricanes
Bonnie (1998) and Floyd (1999), which caused extensive dune
overwash and breaching. There was little evidence that the fill
material moved alongshore to adjacent subaerial beaches and
minimal evidence of poststorm beach recovery 2 years after
the storms (Gares and others, 2006). Nourishment on beaches
in Spain was also only effective for a short period; shoreline
configurations returned to prenourishment conditions about
1.5 years after placement because of small amounts of avail-
able sand and disequilibrium of the beach profile (Ojeda and
Guillen, 2006). Over time, the intended reductions in coastal
risk from nourishment may be offset or even reversed by
increased coastal development; the appearance of a reduced
risk from a wide, nourished beach may lead to more devel-
opment behind nourished beaches, whereas the lack of risk
reduction may inhibit development in non-nourished areas
(Armstrong and others, 2016).

As described in section 3.2.2., shoreface nourishment
is intended to feed sediment to the upper shoreface, decrease
water depths and slopes near the shore, and therefore reduce
wave energy. It can provide sand to adjacent shorelines
especially during storms, thereby creating a “buffer” against
storm-induced erosion (Huisman and others, 2019). But,
similar to beach nourishment, the effects of shoreface nourish-
ment have only lasted over periods ranging from months to
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years (Grunnet and Ruessink, 2005; Ojeda and others, 2008;
Brutsché and others, 2014, 2015, 2017). More studies are
needed to better understand and quantify the effectiveness of
shoreface and profile nourishment for storm protection com-
pared to other placement methods.

Although not implemented as “traditional” nourishment
projects, emergency sand berms (for example, shore-parallel,
linear mounds of sediment used to mitigate natural or anthro-
pogenic hazards; also called emergency breaker berms) have
had mixed short-term effects to barrier island resiliency. For
example, sand removed from the washover deposits on the
landward side of Dauphin Island, Alabama, in early 2007 was
used to create an emergency sand berm across a breach in
the island and on the shoreface. Later that same year, winter
waves eroded and breached the berm, having had little effect
on the overall position of the gulf-facing shoreline (Froede,
2007) and potentially leaving the island more vulnerable
(USACE and others, 2020). A similar berm was constructed
along the northern Chandeleur Islands, Louisiana, to mitigate
oil transport into critical bird habitat after the Deepwater
Horizon Oil Spill of 2010 (Lavoie and others, 2010). Unlike
with the Dauphin Island berm, sand from the Chandeleur
Islands berm was reworked onto and behind the island, result-
ing in a short-term increase in the subaerial footprint of the
island (Plant and others, 2014; Sherwood and others, 2014;
Bernier and others, 2019). Collectively, these examples of
planned and emergency sand placement demonstrate some
increase in barrier resiliency to storms but only in the short
term, such as 1-5 years after project completion.

Additionally, artificial, submerged sandbars (also called
submerged, nearshore, or feeder berms) placed offshore can
provide shore protection and supply sand to the nearby beach
(Charlier and De Meyer, 1995; Grunnet and Ruessink, 2005;
Hwung and others, 2010). Sandbars are common, naturally
occurring features along sandy coasts, and artificial sandbars
may have less impact on natural coastal processes than other
beach nourishment or artificial shoreline protection tech-
niques (das Neves and others, 2015; Utizi and others, 2016).
Artificial, submerged sandbars increase onshore sediment
transport through wave-induced current because of wave
breaking (Grunnet and Ruessink, 2005) and by reducing the
sediment-carrying capacity within the sheltered area between
the sandbar and the beach (Jacobsen and Fredsoe, 2014),
thereby increasing beach shoreline resiliency by reducing
sediment erosion of nearby beaches. Jacobsen and Fredsoe
(2014) determined that a high, narrow artificial sandbar will
protect the beach, whereas a low, wide artificial sandbar will
cause erosion, illustrating the importance of configuration
on artificial sandbars as protective and nourishment features
for beaches. Utizi and others (2016) documented short-term
benefits of feeder berms on shoreline stability, documenting
sediment grain size, volume, and position as key factors affect-
ing its performance as a protective feature. Overall, nearshore
artificial sandbars (berms) for either emergency or long-term
maintenance of nourished or natural beaches present a viable
option for stabilizing eroding beach shorelines.

7.1.2. Sediment Removal and Short-Term
Resiliency

Although sediment placement can be effective for storm
protection, sediment removal may adversely affect tide and
storm-surge inundation. Dredging of channels and inlets
can reduce the effects of friction, resulting in increased tidal
amplitudes in coastal embayments (Orton and others, 2015;
Familkhalili and Talke, 2016; Aretxabaleta and others, 2017;
Ralston and others, 2019), which can negatively affect estua-
rine habitats (as further discussed in sec. 7.3). During storms,
dredged channels can cause increased storm-surge depths and
propagation of surge further landward (Familkhalili and Talke,
2016; Ralston and others, 2019), thereby threatening mainland
infrastructure and estuarine habitats with additional flooding.
On the other hand, upstream flood risks caused by river dis-
charges may decrease because of a deeper channel being able
to convey additional riverine flood waters seaward (Ralston
and others, 2019). Similarly, reducing dredged channel depths
(shallowing) has decreased peak water levels at inshore loca-
tions during storms (Orton and others, 2015).

1.2. Impacts of Sediment Placement and
Removal on Long-Term Coastal Resiliency

7.2.1. Sediment Placement and Long-Term
Resiliency

Over longer timescales (decades to centuries), climate
change (including SLR and changes in storminess) threatens
coastlines with increased inundation and erosion (Passeri and
others, 2015). Projecting long-term coastal evolution is chal-
lenging because of the stochastic nature of coastal processes,
as well as their dynamic interactions and feedbacks (Sampath
and others, 2011). Simulating multiscale coastal evolution is
possible because of recent improvements in process-based
modeling. As a result, there have been multiple modeling
assessments of the effectiveness of beach nourishment as a
strategy to mitigate the effects of SLR. Studies have shown
that beach nourishment can offset shoreline erosion under
increased sea levels (Houston, 2017), aid in disaster preven-
tion (Yoshida and others, 2014), and reduce land loss and
associated costs related to SLR (Hinkel and others, 2013).
However, the combined ecological, economic, and physical
(including landscape and sand quality) impacts are not often
considered robustly enough to determine whether nourish-
ment is a viable long-term mitigation strategy (Parkinson and
Ogurcak, 2018). In a study focused on assessing restoration
actions to enhance barrier island and habitat resiliency at
Dauphin Island, Ala., integrated morphological and ecological
models were used to simulate island evolution and resulting
changes in habitat under scenarios of variable storminess and
SLR over a 10-year period. The study showed that beach and
dune nourishment prevented breaching and reduced negative
effects to oyster and seagrass habitat suitability under high
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storminess and SLR (Enwright and others, 2020; Mickey

and others, 2020). As discussed in section 7.1.1, sand place-
ment through beach nourishment can be eroded during storms
through overwash processes. It is unknown if overwash depo-
sition on the back barrier increases because of additional sedi-
ment availability from nourishment and if this could contribute
to barrier island migration and increase resiliency over longer
timescales. On the other hand, artificially high nourished
dunes could disrupt the transport of natural overwash sedi-
ment from the front of the barrier to the back barrier (Smith
and others, 2008; Magliocca and others, 2011), reducing the
ability of marshes to keep pace with SLR (Lorenzo-Trueba
and Mariotti, 2017) and subjecting the island back-barrier
platform to passive drowning and erosion (Magliocca and
others, 2011; Rogers and others, 2015). Another consideration
is that sediment placement on the back barrier may offer more
protection from severe erosion during future storms and SLR
than placement on the beach and dune system (Smallegan and
others, 2017). For these reasons, beach nourishment is often
considered a near-term strategy to address existing vulnerabili-
ties associated with erosion and inundation (Parkinson and
Ogurcak, 2018).

As mentioned in section 7.1, shoreface nourishment can
dissipate wave energy; however, we were unable to find any
studies that have assessed how shoreface nourishment may
mitigate future SLR, which can increase wave heights in
nearshore environments (Smith and others, 2010b). In 2011,
the Netherlands started a meganourishment project in which
beach and shoreface nourishment were combined to create a
128-hectare man-made peninsula intended to serve as a “sand
engine” to redistribute sand over a 20-year period to adjacent
shorelines and reduce increased coastal erosion in the 21st
century under SLR (Stive and others, 2013). If proven suc-
cessful, this innovative project could be a solution for many
coastlines to improve long-term resilience. It is clear from the
literature reviewed here that studies of nourishment activities
are primarily focused on short-term storm effects, and more
studies are needed to assess how past and present nourishment
activities may improve long-term barrier island resiliency
especially under future SLR.

7.2.2. Sediment Removal and Long-Term
Resiliency

As discussed in section 3.2.2, offshore bars are a critical
sand source for sediment transport to beaches. Storm waves,
circulation, and sediment transport force offshore migration
during storms (Gallagher and others, 1998). Typically (but
not always—see Plant and others, 2006; Ruessink and others,
2007), poststorm onshore migration occurs during low-energy
wave conditions after the storm. However, borrow pits can
trap sediment that would otherwise be transported onshore
after the storm. Modeling and monitoring studies have shown
that borrow pit infilling is increased during storms (Kennedy
and others, 2010; Gongalves and others, 2014). In the future,

borrow pit infilling may accelerate under increased SLR
because of increased inundation frequency and deposition rate
(Marijnissen and others, 2020); this could be further exac-
erbated by increased storminess caused by climate change,
thereby reducing sediment availability for longshore transport
and natural beach nourishment after storms, as well as sand
supply to downdrift shorelines.

Dredging of ebb-tidal delta material and reconfiguration
of channels can have deleterious effects on downdrift coasts,
including reductions in beach sediment input and enhanced
shoreline retreat (Walton and Dean, 2011; see sec. 3.1.1 for
details). Depending on the scale of the ebb-tidal delta and sub-
sequent modifications, such effects have persisted over multi-
annual to multidecadal timeframes (Walton and Dean, 2011;
Garel and others, 2014). Developed coastal systems, which
demand consistent nourishment to maintain beach and fore-
dune dimensions for high-water and storm-wave protection,
already face substantial downdrift erosion because of inlet
modification (Houston and Dean, 2016). Such erosion is likely
to be exacerbated by SLR, which a recent modeling study
suggests could result in around 130 m of shoreline retreat on
North American coasts by the year 2100 (Vousdoukas and oth-
ers, 2020). However, this may be an overestimation because of
shortcomings in the study’s methods, such as not accounting
for changes in sediment availability and the ability for natural
beaches to migrate landward (Cooper and others, 2020). On
the other hand, SLR can alter erosion and deposition patterns
on dredged ebb-tidal deltas and may result in less bed-level
erosion and deposition, as well as less shoaling in the dredged
channel (Passeri and others, 2018). In addition to SLR, the
combined effects of historical changes in land use and chan-
nel dredging have increased sediment runoff and accumula-
tion offshore over decades to centuries (Grossman and others,
2020). In the future, climate change may cause substantial
seasonal changes in natural and regulated river flows (Lee and
others, 2016), which may enhance offshore sediment accumu-
lation. Importantly, although the long-term effects of channel
dredging have been inferred at some sites, including downdrift
beaches, postdredge monitoring generally occurs over short
timescales, and assessments at multiyear and longer time-
frames are rare (van Kessel and van Maren, 2014).

In the back-barrier environment, dredging of active or
relict flood-tidal delta sediments may increase a barrier’s
long-term vulnerability to SLR (Nienhuis and Lorenzo-
Trueba, 2019). Numerical modeling and field observations
demonstrate that flood-tidal delta deposition is an important
control on long-term barrier migration, in some cases stabiliz-
ing the barrier structure by providing a shallow platform for
landward-migrating islands to build upon (Simms and others,
2006; Mallinson and others, 2010; Shawler and others, 2019).
Additionally, flood deltas deposited by migrating inlets store
sediment that can be reincorporated into the active beach and
shoreface during long-term barrier retreat, potentially con-
tributing to decadal- and centennial-scale resiliency (Moslow
and Heron, 1978; Mallinson and others, 2010; Nienhuis and
Lorenzo-Trueba, 2019). For landward-migrating barriers
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responding to SLR, a lack/disruption of flood-tidal delta
sedimentation caused by sediment removal such as dredging
may cause island narrowing, as well as potential disintegration
of the barrier structure (Smith and others, 2008; Nienhuis and
Lorenzo-Trueba, 2019). Moreover, Walters and others (2014)
and Lorenzo-Trueba and Mariotti (2017) noted that modeled
long-term barrier shoreline retreat rate is tied to the extent

of fringing back-barrier marshes, which similarly serve to
provide a platform for island migration and are usually formed
directly atop flood-tidal delta deposits (Barnhardt and others,
2002; Shawler and others, 2019). Further effects to the marsh-
estuarine system are described in the next section.

1.3. Impacts of Sediment Removal and
Placement on Coastal-Ecosystem Connectivity

7.3.1. Coastal Ecosystem Resiliency

Barrier islands are dynamic environments that con-
tain ecosystems that support a variety of species. Six major
ecological or vegetative states are common on the subaerial
part of barrier islands along the North American Atlantic
coast: open or nonvegetated beach shoreline, grasslands,
shrublands, woodlands or forests, freshwater marshes, and
intertidal marshes (Godfrey, 1976). Many of these ecosystems
are also on the North American Gulf coast. These ecosystems
use a variety of adaptive mechanisms and feedbacks that
increase resiliency to and recovery from SLR and coastal
storms, reducing the likelihood that areas containing these
land-cover types would be permanently inundated and transi-
tion to open-water states. First, beaches and grasslands often
consist of unconsolidated sediments that move in response to
wind and wave action (Oertel, 1985), and common types of
beach and grass vegetation (for example, Ammophila brevil-
igulata [Fernald] [American beachgrass]) adapted to periodic
burial can survive and stabilize beach and dune landscapes
(Zinnert and others, 2017). Because many coastal shrub-
lands and forests are not adapted to saltwater, they generally
occupy coastal locations that are already resilient to SLR
effects. They are usually associated with higher elevations
and steeper slopes that make inundation even under SLR less
likely (Brinson and others, 1995). Competition (for example,
shading of marsh-associated graminoid growth forms by the
tree canopy), organic matter accumulation, and the long-
life history of trees and shrubs also make these ecosystems
resistant to canopy die-back and ecosystem state changes that
may otherwise occur with periodic saltwater inundation from
storms (Brinson and others, 1995; Field and others, 2016).
Even with increased inundation levels associated with SLR,
forests and shrublands are likely to transition to high marsh
well before transitioning to open water (Brinson and others,
1995). Because marshes are often intertidal, they are adapted
to periods of inundation. For example, marshes may increase
biomass production in response to increased water depths,
which allows for increased deposition and stabilization of the

marsh platform. In this way, vegetated marsh platforms resist
conversion to open water (Kirwan and Murray 2007; Kirwan
and Megonigal 2013). Marshes are also able to migrate and
sustain elevation by incorporating inorganic sediment deliv-
ered by eolian (for example, Rodriguez and others, 2013) and
overwash (for example, Walters and Kirwan, 2016) processes
to offset sustained pressures like SLR (Kirwan and Megonigal,
2013). Though the upland location of coastal vegetated land-
scapes may change with SLR, it is likely they will continue
to provide ecosystem services over long timescales as long as
ecosystem form and function are not compromised by human
development. In addition to natural drivers like SLR, sedi-
ment removal and placement can alter the natural resiliency
of the coastal barrier island-estuarine-marsh landscape and its
ecosystems.

Although individual ecosystems have mechanisms that
allow them to persist in dynamic coastal environments, con-
nectivity and long-distance interactions among these eco-
systems play important roles in maintaining ecosystem form
and function (van de Koppel and others, 2015; Liebowitz and
others, 2016). Some have argued that these individual ecosys-
tems may be better described as a single “meta-ecosystem” or
“coastal ecosystem mosaic,” connected by the flow of energy,
materials, and organisms across ecosystem boundaries (Loreau
and others, 2003; Sheaves, 2009). Complexity, which is
enabled through connectivity and high biocover and land-
cover diversity, has a stabilizing effect in ecological networks
(Elmgqvist and others, 2003; Loreau and de Mazancourt, 2013).
These characteristics (complexity and connectivity) allow
coastal landforms to respond dynamically to SLR and storms
as opposed to being permanently inundated (Lentz and oth-
ers, 2016). On beaches, the flow of sediments from the beach
to the barrier interior and marsh through storm overwash is
critical for barrier island and ecosystem resiliency, allowing
islands to migrate and gain elevation with SLR (for example,
Walters and Kirwan 2016; Lorenzo-Trueba and Mariotti,
2017). In addition, sandy beaches typically lack organisms
responsible for primary production and instead rely on nutrient
subsidies from the ocean, such as phytoplankton and mac-
rophytes. These organisms provide nutrition for secondary
producers (for example, amphipods and other invertebrates;
Michaud and others, 2019), ultimately supporting a food web
that propagates up to shorebirds and other large vertebrates
(reviewed in Liebowitz and others, 2016; see secs. 4, 5, and 6).
Wrack deposits from the ocean can also trap windblown sand
and seeds, which promote plant recruitment and dune forma-
tion after storms (reviewed in Liebowitz and others, 2016). As
described in the following section, sediment placement and
removal can affect coastal ecosystem resiliency and recovery
by altering connectivity.
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7.3.2. Short- and Long-Term Effects of Sediment
Placement and Removal on Ecosystem
Resilience

Most beach nourishment projects are designed to widen
the beach and increase the elevation of the beach berm or
primary dune line. Complementary activities, such as the use
of sand fencing or bulldozing, are also typically used with
sediment placement to further stabilize the shoreline. These
actions extend the lifetime of the nourishment project, protect-
ing against wave erosion and overwash. However, they also
compartmentalize coastal ecosystems that rely on a flux of
sediments, organic materials, and organisms across the barrier
island profile. As discussed in section 6, activities that create
barriers (for example, scarps, sand fencing, nourished dunes)
or impede overwash could have detrimental effects on nesting
sea turtles and shorebirds. As discussed in section 7.2.1, beach
and dune nourishment reduced island breaching over decadal
timescales at Dauphin Island, Ala., thereby maintaining acre-
age of subaerial habitat types and enhancing and preserving
seagrass and oyster suitability under high storminess and SLR
(Enwright and others, 2020). We were unable to find studies
that examine the direct effects of beach nourishment by itself
on ecosystem connectivity, and this topic may represent an
important knowledge gap.

Deepening of tidal channels can increase suspended-
sediment concentrations in upstream tidal rivers and can
increase up-estuary suspended-sediment transport because of
enhanced salinity-induced estuarine circulation (van Maren
and others, 2015). Tidal range (and therefore tidal prism)
in estuaries may be amplified from the combined effects of
dredging and marsh erosion (Orton and others, 2015), which
can affect vertical marsh accretion (Reed, 1990). For example,
increases in tidal prism caused by channel dredging increased
the rates of landward retreat of marsh shorelines, resulting in
marsh loss (Cox and others, 2003). Maintenance dredging and
removal of dredged sediment can also be a substantial factor
in sediment balance of estuaries. Inlet maintenance and jetty
construction that prevent sand from moving into the inlet can
result in a loss of sediment available for mudfiat and marsh
development (Hackney and Cleary, 1987). Maintenance dredg-
ing creates channels that trap sediments, resulting in reduced
sediment availability for delivery into salt marshes (Baptist
and others, 2016), which is needed to keep pace with SLR.
This illustrates how localized channel dredging can affect the
broader coastal system.

Although sediment removal can negatively affect
estuaries and marshes, placement of material can be used as
a method to increase ecosystem resilience. Placing dredged
sediments in thin layers (or thin-layer deposition, as dis-
cussed in secs. 3.2.2 and 4.3.3) has been used as a means for
sediment management, beneficial use of dredged material,
and habitat restoration or enhancement in marshes. Tidal-
inundation depths and the relative elevation of the marsh
table govern biomass productivity in salt marshes (Morris and
others, 2002). The relative elevation of the marsh can increase

because of organic and inorganic sediment accumulation or
decrease because of SLR, decomposition of organic material,
or compaction of deposited soil (Morris and others, 2002;
Kirwan and Murray, 2007). In the future, the combination of
storms and SLR threaten coastal marshes with degradation
and loss (Reed, 1990; Friedrichs and Perry, 2001; Mariotti
and Fagherazzi, 2010; Hauser and others, 2015; Alizad and
others, 2018). Thin-layer deposition can aid in maintain-

ing marsh elevations, improving soil stability, and enhanc-
ing wetland functions while maintaining characteristic plant
communities (DeLaune and others, 1990; Mendelssohn and
Kuhn, 2003). This may be especially important to maintain
back-barrier marshes under scenarios of high SLR but low
storm frequency (that is, low overwash deposition) (Enwright
and others, 2020). Thin-layer deposition has also jump-started
marsh recovery by maintaining native vegetation seed sources,
rhizomes, and microbes in near-surface soils (VanZomeren
and others, 2018). Marshes treated with moderate intensities
of thin-layer deposition may have reduced inundation stress
and increased stability when compared to natural, untreated
marshes. However, if too much sediment is placed, tidal
flooding may be reduced, causing decreased stability and
decline (Stagg and Mendelssohn, 2011). Additionally, marsh
plants must recover after initial placement of material; the
rate of recovery depends on the depth of sediment placed on
the marsh surface (that is, deeper sediments impede plant
recovery) (Burger and Shisler, 1983). Layering sediments
thin enough to allow plant regrowth can increase plant cover
and root biomass expansion leading to an increase in marsh-
surface elevation (Ford and others, 1999). Although thin-
layer deposition can be beneficial in the near term, over long
timescales (decades), it may not be a cost-effective method to
enhance marsh resilience, especially under high rates of SLR
that can cause rapid loss (Propato and others, 2018).

Similar to thin-layer deposition, strategic placement of
dredged estuarine sediments can augment sediment supply to
assist accretion of mudflats and marsh with sediment defi-
cits. Numerical modeling of sediment dispersal suggests that
dredged material placements were effective at supplying sedi-
ments to surrounding mudflat and salt ponds, resulting in an
increase in accretion rate (Bever and others, 2014). The effec-
tiveness of open water placement of fine sediments depends on
wind and wave forcing, and small salinity deficits can affect
mud transport (Baptist and others, 2019). However, resuspen-
sion, movement, and beneficial placement of dredge sediments
from contaminated estuarine bottom sediments could intro-
duce these contaminants to the trophic chain. Heavy metals
from contaminated estuarine sediments bioaccumulate in
marsh plants (Luque and others, 1999). Hatchery fish exposed
to dredged sediments accumulate polychlorinated biphenyls,
mercury, and other contaminants (Seelye and others, 1982); to
avoid this, toxicity of dredged sediments should be assessed
before placement for beneficial use.

In addition to these sediment-placement strategies, new
marshes can be created from dredged material. However, these
artificial marshes do not replicate all the functions of natural



marsh, such as geomorphological features such as elevation,
slopes, and edge-to-area ratios (Streever, 2000). Bird density,
species assemblage, and seasonality have differed between
dredge-created marsh and natural marsh (Melvin and Webb,
1998). Although vegetation structure in marshes created from
dredge spoil can be similar to natural marshes within a few
years, soil characteristics may take decades or much longer

to replicate (Race and Christie, 1982; Edwards and Proffitt,
2003). Collectively, these studies illustrate the varied effects of
sediment placement and removal on coastal ecosystems.

7.4. Knowledge Gaps and Recommendations

Based on the literature reviewed in this section, several
current (2021) knowledge gaps exist concerning the effects
of sediment removal and placement on short- and long-term
coastal resiliency. These observational and research needs are
summarized below:

1. Studies to assess how past and present nourishment
activities, specifically in beach, dune, and shoreface
environments, can improve long-term barrier island
resiliency especially under future SLR. For example,
does beach nourishment help improve longer-term
coastal resilience through increased overwash deposition
on back-barrier shorelines to aid in barrier island migra-
tion?

2. Studies that evaluate the effects of shoreface and profile
nourishment in the context of storm protection and
short-term coastal resiliency. Additionally, more studies
on storm impacts caused by downdrift shoreline erosion
from sediment removal are needed.

3. Evaluation of the long-term effects of sediment removal
from ebb-tidal deltas or channel dredging on sediment
pathways and erosion and deposition patterns along adja-
cent shorelines.

4. Analysis of beach nourishment and frequent comple-
mentary activities (for example, berm construction and
sand fencing) on ecosystem connectivity over short and
long timescales. Multiyear and multiscale monitoring
is required to evaluate ecosystem health and function in
situations where connectivity may have been disrupted.

The knowledge gaps and research needs identified here
can be fulfilled through monitoring and modeling studies.
Monitoring studies of existing and future sediment removal
and placement activities should assess effects on human and
ecological communities spanning more than 1 year after
construction to assess short-term coastal resiliency (also see
sec. 6). To assess long-term resiliency, physics-based and
ecological models can be used to predict effects of sediment
removal and placement, particularly under scenarios of future
storms and SLR (for example, Enwright and others, 2020;
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Mickey and others, 2020). Further recommendations on data
types and metrics for impact monitoring are described in
appendix 1.
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Appendix 1.

Assessing the system-wide response of barrier islands to
sediment management actions (for example, removal or place-
ment) requires quantifying physical and biological changes
to the area where the action took place. Areas adjacent to the
action, particularly those downdrift, can also be affected and
should be included in the monitoring plan so that the physical
and biological effects of alterations to barrier island sediment
supplies can be quantified. Though the scope and frequency
of the impact monitoring program will vary by location and
with the scale of the project itself, standard data types and
metrics can be used to quantify effects at any scale. Based on
the expertise of the report authors and an extensive review
of the literature, we identify foundational data and derived
metrics that would allow for the assessment of barrier system-
wide impacts from sediment management. For the purposes
of this report, “foundational data” refers to what is actually
measured, whereas “derived metrics” refers to a value that is
derived from the foundational data and is the means by which
changes can be assessed. For example, terrestrial elevation
would be considered foundational data, whereas an example of
a metric derived from that data source would be the position of
the mean high-water shoreline. This metric would be used to
determine whether the sediment removal or placement action
altered the position of the shoreline. An example of biological
foundational data would be species abundance and distribu-
tion, and the monitoring metric derived from those data would
be community composition. This metric would be used to
determine whether the sediment removal or placement action
has affected the physical habitat to the extent that it alters the
composition of barrier ecosystems.

The distinction between foundational data and derived
metrics is made for several reasons. First, in some cases, mul-
tiple metrics might be derived from one kind of foundational
data. For example, in addition to deriving shoreline positions
from terrestrial elevations, those data could possibly be used
to derive the height and extent of a dune, thereby allowing
the monitoring of the shoreline and dune line from just one
survey of terrestrial elevation. Second, by focusing on what
is measured and the derived metrics, we eliminate the need to
specify a particular methodology for acquiring that informa-
tion, presuming variations in accuracy and associated uncer-
tainties can be tracked. This ensures that critical monitoring
data and metrics are collected even if changes in technology
and (or) data resolution occur. As an example, it would not
matter if submerged elevations were collected using airborne
light detection and ranging or acoustic boat-based tech-
niques as long as the areas of interest could be monitored at
a temporal and spatial resolution that would allow for effects
to be quantified. Lastly, the distinction allows us to account
for derived products that might merge several different data
types. Seamless topo-bathy digital elevation models (derived
product) are the foundation of numerical models and rely
on terrestrial and submerged elevations (foundational data).
Numerical modeling is an important tool for monitoring and

Sediment Management Impact Monitoring Data and Availability

assessment because it integrates various monitoring data types
to predict the impact of sediment management on barrier
island systems. Furthermore, modeling can provide decision
support to help prioritize coastal management actions and sub-
sequent adaptive management procedures after nourishment or
restoration actions. With this reasoning in mind, table 1.1 lists
multidisciplinary foundational data types required for physical
and ecological impact monitoring. Tables 1.2, 1.3, and 1.4 list
the derived physical, biological, and biogeochemical metrics
that can be used to assess whether the sediment management
effects are beneficial or detrimental through comparison to his-
torical (or pre-action) metrics and could also help to validate
numerical models. Table 1.5 lists model types and inputs that
would be used to predict barrier system changes during and
beyond the monitoring period. In any of the tables, a round
dot in the cell indicates that a U.S. Geological Survey (USGS)
data resource is available for that location and data type/
metric. If use of another source of data outside the USGS is
standard practice, that source is indicated in the cell.

Though not a replacement for a project-specific on
site and remote-sensing monitoring program at a particular
location, USGS work in other areas could serve as analogs
to the Coastal Barrier Resource System areas of interest and
provide useful information about potential expected behav-
iors to sediment removal/placement. Locations where the
USGS has made relevant and significant research investments
include Fire Island, New York; Little Egg Inlet, New Jersey;
Assateague Island, Maryland/Virginia; and the Outer Banks,
North Carolina, along the Atlantic coast; and the Chandeleur
Islands, Louisiana; Ship Island, Mississippi; and Dauphin
Island, Alabama, along the Gulf coast. Available foundational
data and derived metrics for these locations can be provided
by request.
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Table 1.1. Foundational data types and availability at Coastal Barrier Resource System areas of interest.

[A round dot (*) in the cell indicates that a U.S. Geological Survey data resource is available for that location and data type. If use of another source of data
outside the U.S. Geological Survey is standard practice, that source is indicated in the cell. N/A, not available; NOAA, National Oceanic and Atmospheric
Administration; USGS, U.S. Geological Survey; NEAMAP, Northeast Area Monitoring and Assessment Program; SEAMAP, Southeast Area Monitoring and
Assessment Program]

Coastal Barrier Resource System area of interest

Foundational data Hereford Inlet,  Carolina Beach, Masonboro Inlet,  New River Inlet, Folly Beach,
New Jersey North Carolina North Carolina North Carolina South Carolina

Terrestrial elevations . . . . .

Submerged elevations N/A N/A N/A . .

Beach/dune sediment characteristics N/A N/A N/A . N/A

Subsurface beach/dune sediment char- N/A N/A N/A N/A N/A

acteristics

Marsh sediment characteristics N/A N/A N/A N/A N/A

Submarsh sediment characteristics N/A N/A N/A N/A N/A

Seafloor sediment/rock characteristics N/A N/A N/A N/A .

Subseafloor sediment/rock character- N/A N/A N/A N/A .

istics

Hydrodynamic characteristics (for NOAA waves NOAA waves NOAA waves NOAA waves NOAA waves

example, waves and currents)

Water level NOAA tides/ NOAA tides/ NOAA tides/ NOAA tides/ NOAA tides/
surge, USGS surge, USGS surge, USGS surge, USGS surge, USGS
runup runup runup runup runup

Shellfish, finfish, and marine trust spe- NEAMAP plus SEAMAP plus SEAMAP plus SEAMAP plus SEAMAP plus

cies distribution and abundance nearshore nearshore nearshore nearshore nearshore
New Jersey North Carolina North Carolina North Carolina South Carolina
State agency State and aca- State and aca- State and aca- State and aca-
and academic demic surveys demic surveys demic surveys demic surveys
surveys

Land cover (for example, orthopho- N/A N/A N/A N/A N/A

tos, satellite, and unmanned aerial
systems)
Records of engineering/anthropogenic N/A N/A N/A N/A N/A

modifications (for example, naviga-
tion channel maintenance, location/
timing/extent/volume of removal/

placement)

Water quality (for example, tempera- N/A N/A N/A N/A N/A
ture, salinity, turbidity, freshwater
discharge)

Indicator species nest surveys (for ex- N/A N/A N/A N/A N/A

ample, sea turtles, Charadrius melo-
dus [Ord, 1824] [piping plovers], and
other shorebirds)

Coastal vegetation characteristics N/A N/A N/A N/A N/A

Marsh characteristics (for example, N/A N/A N/A N/A N/A
elevation)

Sediment biogeochemical characteris- N/A N/A N/A N/A N/A

tics (for example, groundwater salin-
ity, nitrogen/phosphorus availability)

Contaminant concentrations N/A N/A N/A N/A N/A
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Table 1.2.

Derived physical metrics and availability at Coastal Barrier Resource System areas of interest.

[A round dot (*) in the cell indicates that a U.S. Geological Survey data resource is available for that location and data type. If use of another source of data
outside the U.S. Geological Survey is standard practice, that source is indicated in the cell. N/A, not available]

Coastal Barrier Resource System area of interest

Masonhoro

Derived physical metric Hereford Inlet,  Carolina Beach, =~ "\ =~ New RiverInlet,  Folly Beach,
New Jersey North Carolina - North Carolina South Carolina
Carolina
Open-coast shoreline position . . . . .
Back-barrier shoreline position N/A N/A N/A N/A N/A
Estuarine shoreline position N/A N/A N/A N/A N/A
Dune height N/A . . N/A .
Beach/shoreface profile (for example, width, Terrestrial only  Terrestrial only ~ Terrestrial Terrestrial only .
slope) only
Beach and dune grain size and composition N/A N/A N/A N/A N/A
(including organic matter content)
Inlet geometry N/A N/A N/A N/A N/A
Inlet hydrodynamics N/A N/A N/A N/A N/A
Inlet tidal prism N/A N/A N/A N/A N/A
Seafloor depth Adjacent N/A N/A N/A .
shoreface
only
Seafloor sediment thickness N/A N/A N/A N/A .
Seafloor grain size and composition (including N/A N/A N/A N/A .
organic matter content)
Marsh vertical accretion rates N/A N/A N/A N/A .
Marsh grain size and composition (including N/A N/A N/A N/A N/A
organic matter content)
Above- and below-ground biomass of coastal N/A N/A N/A N/A N/A
vegetation
Habitat extent (for example, water-intertidal- N/A N/A N/A N/A N/A
land-vegetation; marsh vegetation zona-
tions)
Back-barrier shoreline morphology (for ex- N/A N/A N/A N/A N/A
ample, slope and alongshore irregularity)
Sediment oxygen demand N/A N/A N/A N/A N/A
Sediment moisture content N/A N/A N/A N/A N/A
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Table 1.3. Derived biological metrics and availability at Coastal Barrier Resource System areas of interest.

[A round dot (*) in the cell indicates that a U.S. Geological Survey data resource is available for that location and data type. If use of another source of data
outside the U.S. Geological Survey is standard practice, that source is indicated in the cell. N/A, not available; USFWS, U.S. Fish and Wildlife Service]

Coastal Barrier Resource System area of interest

Derived biological metrics Hereford Inlet,  Carolina Beach, Masonboro Inlet,  New River Inlet,  Folly Beach,
New Jersey North Carolina North Carolina North Carolina  South Carolina

Infaunal species abundance N/A N/A N/A N/A N/A
Infaunal species diversity N/A N/A N/A N/A N/A
Infaunal species biomass N/A N/A N/A N/A N/A
Infaunal species composition N/A N/A N/A N/A N/A
Indicator species nesting pair/Female USFWS/ USFWS/ USFWS/ USFWS/ USFWS/

abundance (for example, sea turtles, agencies agencies agencies agencies agencies

Charadrius melodus [Ord, 1824] [pip-
ing plovers], and other shorebirds)

Indicator species nesting density (for USFWS/ USFWS/ USFWS/ USFWS/ USFWS/
example, sea turtles, piping plovers, agencies agencies agencies agencies agencies
and other shorebirds)

Indicatory species nest success (for ex- USFWS/ USFWS/ USFWS/ USFWS/ USFWS/
ample, number of hatchlings/fledglings agencies agencies agencies agencies agencies
per nest of sea turtles, piping plovers,
other shorebirds)

Marine trust species survival N/A N/A N/A N/A N/A

Marine trust species recruitment/popula- N/A N/A N/A N/A N/A
tion growth

Marine trust species community compo- N/A N/A N/A N/A N/A
sition

Marine trust species predator-prey inter- N/A N/A N/A N/A N/A
actions

Contaminant lethality/sublethality N/A N/A N/A N/A N/A
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Table 1.4. Derived biogeochemical metrics and availahility at Coastal Barrier Resource System areas of interest.

[A round dot (*) in the cell indicates that a U.S. Geological Survey data resource is available for that location and data type. If use of another source of data
outside the U.S. Geological Survey is standard practice, that source is indicated in the cell. N/A, not available]

Coastal Barrier Resource System area of interest

Derived hiogeochemical metrics Hereford . . Beach, Masonboro New River Folly Beach,
Inlet, New . Inlet, North Inlet, North -
North Carolina . . South Carolina
Jersey Carolina Carolina
Hydraulic properties of subsurface (for example, N/A N/A N/A N/A N/A
Carmen-Kozeny permeability, porosity, water
content, saturation)
Groundwater/porewater physical properties (for N/A N/A N/A N/A N/A
example, salinity, temperature, dissolved oxygen,
pH, and reduction-oxidation potential)
Water-table elevation (potentiometric maps), dynam- N/A N/A N/A N/A N/A
ics (tidal versus static), and type (freshwater or
saltwater)
Surface-water properties (for example, salinity, N/A N/A N/A N/A N/A
temperature, dissolved oxygen, pH, and reduction-
oxidation potential)
Groundwater models N/A N/A N/A N/A N/A
Flood frequency and duration N/A N/A N/A N/A N/A

Table 1.5. Models and model inputs and availability at Coastal Barrier Resource System areas of interest.

[A round dot (*) in the cell indicates that a U.S. Geological Survey data resource is available for that location and data type. If use of another source of data
outside the U.S. Geological Survey is standard practice, that source is indicated in the cell. N/A, not available]

Coastal Barrier Resource System area of interest

Models and model inputs Hereford Carolina Beach, Masonboro New River Folly Beach,
Inlet, New . Inlet, North Inlet, North .
North Carolina . - South Carolina
Jersey Carolina Carolina

Models N/A N/A N/A N/A N/A
Beach and dune change N/A . N/A N/A .

Inlet evolution N/A N/A N/A N/A N/A
Barrier island evolution N/A N/A N/A N/A N/A
Modeling inputs N/A N/A N/A N/A N/A
Seamless topobathy digital elevation models N/A N/A N/A N/A N/A
Bedform dimensions N/A N/A N/A N/A N/A
Model fore/hindcasts of meteorological, hydrody- N/A N/A N/A N/A N/A

namic, and atmospheric conditions
River discharge (where applicable) N/A N/A N/A N/A N/A
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