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1. Purpose. The purpose of this manual is to provide guidance in
enviromental engineering for coastal shore protection projects.

2. Applicability. This manual applies to all field operating activities
that have responsibility for environmental inpact studies related to
coastal shore protection projects.

3. Discussion. This manual sunmarizes research and field experience
gained in the area of environmental engineering for coastal shore
protection. It addresses both natural and human induced changes in the
coastal zone; the structural and nonstructural measures that coastal
engi neers enpl oy agai nst these changes; and the desirable and adverse
impacts of the neasures. This manual is intended to be conpatible and
used in conjunction with other OCE engineering nanual s and the coast al
Engi neerj ng Research Center's "Shore Protection Manual." As new

i n?ormati on becones available the manual will be periodically revised.
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CHAPTER 1

| NTRODUCT! ON

| -1. Purpose. This manual provides gui dance for incorporating
envi ronmental considerations into the engineering, design, construction
operation, and maintenance of coastal shore protection projects

| -2. Applicability. The manual is applicable to all Corps field
operating activities having civil works responsibilities in the area of
coastal shore protection.

|-3. Scope. Selection of the best environnental and engineering sol ution

to a specific coastal problemreguires a systematic and thorough study
because of the conplexity of coastal projects and the diversity of coasta
environnents. The prerequisites to such a study are a clear definition of
the probl em and cause of the problemand then a conprehensive review of
potential solutions (alternatives). This nmanual addresses both natura
and human-induced changes in the coastal zone; the structural and
nonstructural measures that coastal engineers enploy against these
changes; and the beneficial and adverse inpacts of these measures.

I mredi ate and |ong-terminpacts in the project area, as well as adjacent
environnents, are sunmarized. In addition, this manual enphasizes
potential steps for obtaining desirable results and reducing adverse

i mpacts. The manual focuses prinmarily on shore protection, i.e., coasta
projects designed to stabilize the shore against erosion related
principally to current and wave action: however, the material is also
appl i cable to harbor and navigation channel inprovenments. The manua
applies to both the Geat Lakes and the coastal narine systems. It
identifies the principal environmental factors that should be considered
in design and construction and provides techniques for attaining
environnmental quality objectives. Proper techniques for collection,
analysis, and interpretation of environnental data to use in planning and
engineering are outlined. This manual is intended to be conpatible and
used in conjunction with other COCE engineering manual s and t he Coast al
Engi neering Research Center's "Shore Protection Manual" (US Arny Engi neer
Wt erways Experinent Station 1984). As new information becones available,
this manual will be periodically revised.

|-4. References. The Corps references |isted bel ow provide guidance to
field personnel concerned with planning, design, construction, operation
and nai nt enance of coastal shore protection projects.

a. ER 200-2-2, Procedures for Inplenenting NEPA

b. ER 1105-2-10, Pl anning Prograns.

C.  ER 1105-2-20, Projects Purpose Planning Guidance.

d.  ER 1105-2-35, Public Involvenent and Coordination.

1-1



EM 1110-2-1204
10 Jul 89
e. ER 1105-2-50, Environnental Resources.
f. ER 1110-2-400, Design of Recreation Sites, Areas, and Facilities.

. ER 1110- 2-1403, Hydraulic and Hydrol ogic Studies by Corps Seperate
Field Operating Activities and others.

h. ER 1110-2-8102, Mdel Testing at Waterways Experinent Station.
i. ER 1110-2-1404, Deep-Draft Navigation Project Design.
j. ER 1130-2-307, Dredging Policies and Practices.

k. ER 1165-2-130, Federal Participation in Shore, Hurricane, Tide,
and Lake Flood Protection.

. EM 1110-1-400, Recreation Planning and Design Criteria.

m  EM 1110-2-1202, Environnental Engineering for Deep-Draft
Navi gat i on.

I EM 1110-2- 1614, Design of Coastal Revetnents, Seawall, and
Bul kheads.

0. EM 1110-2-2502, Retaining Valls.

p. EM 1110-2-2904, Design of Breakwaters and Jetties.

q. EM1110-2-2906, Design of Pile Structures and Foundations.
r EM 1110-2- 3300, Beach Erosion Control and Shore Protection

s. EM 1110-2-5025, Dredging and Dredge Material Disposal.
t. EM 1110-2-5026, Dredged Material Beneficial Uses.

u. EP 1165-2-1, Digest of Water Resources Policies and Authorities.
| -5. Appendi ces.

a. Bibliography. Bibliographical. references are indicated throughout
the text by last names of authors |isted al phabetically in Appendix A The
VEES reports referenced are available on loan fromthe Technical Infornation
Center, US Arny Corps of Engineer, Waterways Experinment Station, PO Box
631, Vicksburg, M ssissippi 39180-0631.
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b. Mdels. Appendix B contains information on both numerical and
physi cal nodels available for environnental studies. The capability of
each model is briefly discussed and its source is identified.

C. Regulations. Federal regulations related to inplenenting coasta
shore protection projects are listed in ApFend|x C. Al projects wll
al so need to achieve conpliance (nost likely through the local sponsor)
with state or territorial, county, and other |ocal governnent statutes.

d. Species Profiles. A list of published and unpublished
estuarine/ marine species profiles is provided (Appendix D). The profiles
give brief but conprehensive sketches of the biological characteristics
and environnmental and habitat requirenent of coastal fish and
i nvertebrates.

|-6. Gossary. Definitions of key terms frequently used are provided at
the end of this manual.
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CHAPTER 2
OVERVI EW OF COASTAL SHORE PROTECTI ON PRQIECTS

2-1. Classification. Coastal shore protection projects are classified into
four general categories in the "Shore Protection Manual:"

a. Shoreline stabilization.
b. Backshore protection (from waves and surge).
C Inlet stabilization.
d. Harbor protection.
A coastal problem may fall into one or nore categories.

2-2. Alternatives. Once the project is identified, various alternatives are
available to the coastal engineer. These alternatives involve the placenent
or renmoval of sedinment, rock, wood, or other material to create new struc-
tures, to nodify existing structures, or to physically alter the shore in some
manner . In this manual, potential alternatives have been grouped into three
cat egori es: protective beaches, dunes, and |evees; man-made structures; and
nonstructural alternatives (Table 2-1). Wile this nanual primarily addresses
these three action alternatives, information presented wll also be useful in
eval uating passive solutions such as coastal zoning and |and-use nanagenent.
Dredging, a potential solution to inlet stabilization problens, and envi-
ronnental considerations for this activity are addressed in EM 1110-2-1202
(see para |-4). Mtigation policy for Federal projects is summarized in

ER 1105-2-50. Chapter 8 of this nmanual provides an additional discussion of
mtigation.

2- 3. Consi der ati ons.

a. Table 2-2 lists the factors that nust be considered in analyzing each
project category and its associated considerations. Hydraulic considerations
i nclude wind-generated waves, swells, currents, tides, storm surge or wnd
setup, and the basic bathymetry of the area. Sedi ment ati on consi derati ons
include the littoral material and processes (i.e., direction of novenent, net
and gross rates of transport, and sedinent classification and characteris-
tics), and changes in shore alignnent. Control structure considerations
include the selection of the protective works by evaluating type, use, effec-
tiveness, economcs, and environnental inpact. Navi gation  considerations
include the design craft or vessel data, traffic |anes, channel depth, width,

length, and alignnent. In selecting the shape, size, and location of shore
protection works, the objective should be not only to design an engineering
work that wll acconmplish the desired results mobst economically, but also to

consider effects on adjacent areas. An economc evaluation includes the nain-
tenance and replacenment costs, along with the interest on and the anortization
of the first costs. If any plan considered would potentially increase the

2-|
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C assification

of

TABLE 2-1

Coast al

Engi neering Sol utions

Problens to Address

Shor e

Stabilization

Backshore Protection

I nl et

Har bor

Stabilization

Prot ecti on

Sol uti ons

Beach & Dune

Beach nouri shment
Sand bypassi ng

Struct ures
Bul kheads
Revet nent s
Seawal | s
Det ached breakwaters
G oi ns

Nonst ruct ur al

Marsh plants
Seagr asses

Beach & Dune

Protective beach
Dune stabilization

Structures
Bul kheads
Revet nent s
Seawal | s

Structures

Jetties
Dr edgi ng

Structures

Br eakwat er s
Jetties

2-2



EM 1110-2-1204
10 Jul 89

TABLE 2-2

Classification of Coastal Engineering Considerations

CONSIDERATIONS

PROJECT

SHORE STABILIZATION

BACKSHORE PROTECTION

INLET STABILIZATION

HARBOR PROTECTION

i npact of a project to a larger coastal stretch or prevent an extension of the
i npacts, the econonic effect of each such consequence should be evaluated. A
conveni ent neasurenent for conparing various plans on an econonic basis is the
average annual cost over the evaluation period and the average annual benefit
captured by each plan

b. Effects on adjacent |land areas are considered to the extent of pro-
viding the required protection with the | east anount of disturbance to current
and future land use, ecological factors, and aesthetics of the area. The
form texture, and source of material should be considered in the design, as
well as how the material is used. Proper consideration nust be given to the
| egal and social consequences where shore protection nmeasures may result in
significant effects on physical or ecological aspects of the environnment

c. Coordination between the design and environmental elenents should

begin early in the planning process to assure that environmental concerns,
opportunities, and features are adequately considered

2-3
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ENVI RONMVENTAL RESQURCES

3-1.  Environnmental Requirenments.

a. Ceneral. As noted in Table 2-2, the "Environment" is a
consideration in each coastal shore protection project category. The
environmental effects of all project alternatives nust, by law as well as
normal engineering considerations, be evaluated. Qpportunities for
i ncorporating environmental considerations and enhancenents in coasta
shore protection projects should be investigated.

h. Policies. The planning, design, construction, and operation and
mai nt enance activities of coastal shore protection projects nust be
consistent with national environmental policies. Those policies require
that such activities be done to the extent practicable in such a nmanner as
to be in harnony with the human and natural environment, and to preserve
hi storical and archaeol ogi cal resources. Corps project devel opnent is
docunented by a series of studies, each being nore specific than the
previous study. The series of reports produced for a project varies by
Corps District and Division and through tine due to scientific judgment,
the unique conditions specific to each project, and changi ng regul ations.
In general, an initial evaluation (or reconnai ssance) report and a
feasibility (or survey) report are prepared prior to congressional project
authorization. Refer to ER 1105-2-10, for a description of this planning
process. Environmental studies are included along with engineering
econom ¢, and other types of analysis (ER 1105-2-50).

C.  Statutes and Regulations. Conplying with Federal statutes,
executive orders and nenoranda, and Corps regul ations requires careful
study of existing environmental conditions and those expected to occur in
the future with and without shore protection. Principal environnmental
statutes/regul ations that are applicable to Corps coastal shore protection
projects arelisted in Appendix C.

d. Environnental Studies. During each stage of project planning
design and construction, mjor environmental concerns and correspondi ng
information needs should be identified. Forecasting of information needs
is necessary in order to schedule sufficient time for field data
col l ection, physical or numerical nodeling if needed, and other needs.
Scheduling of field studies should allow for adnministrative time related
to contract preparation, contractor selection, report and NEPA docunent
preparation, review of findings, and coordination or consultation with
concerned Federal agencies and the interested public.

(1) Checklist of studies. The follow ng checklist consists of some
of the environmental factors that should be considered for coastal shore
protection projects. Environnental factors selected for study wll depend
upon the type project being considered. This checklist is not all
inclusive and not all factors are appropriate for all projects

3-1
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(a) Determne the bounds of the project areas.

(b) Characterize existing environmental (physical, ecological
cultural, economc conditions at a project site

(¢c) Be aware of other planned construction activities likely to be
associated with the Federal project and evaluate their cunulative inpacts.

(d) Evaluate project effects on |ong-shore sedinmentation processes,
circulation patterns, currents, and wave action.

(e) Evaluate project effects on water quality, including
characterization and testing of sedinents as required in Section 103 of
the Ccean Dunping Act (PL 92-532) or Section 404 of the Cean Water Act
(PL 92-500) eval uations.

(f) Evaluate the no action alternative and nonstructural solutions
(g) Evaluate project effects on erosion and deposition.

(h) Evaluate all reasonable and practicable construction alternatives
(construction equipment, timng, etc.).

(i) Evaluate effects of the final array of alternative plans on
significant biological, aesthetic, cultural and recreational resources.

(j) Describe relationships of each plan to the requirements of
environmental |aws, executive orders, Federal permts and state and | oca
| and use plans and |aws.

(k) Include feasibledesigns, operational procedures, and appropriate
mtigation measures to reduce or avoid adverse environmental inpacts in
the preferred plan and alternatives eval uated.

(I) Coordinate with other agencies, the public, and private groups
(m Plan and design an environnmental nonitoring program as needed

(2) Citical issues. Time and noney constraints wll generally
dictate the level and scope of investigation and data collection for al
environmental areas of interest. Therefore, the nmost significant
environnental issues identified by the public and resource agencies during
scoping should be investigated. It is essential that the issues
investigated fully account for all significant effects of a project and
that a realistic balance be achieved between the study requirements and
funds available. The addition of factors determned at a later date will
increase the tine, cost, and expertise required for the study.

3-2
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Chapters 4, 5, and 6 of this nanual identify major environmenta

consi derations associated with alternative shore protection solutions
Criteria for determning significant issues include statutory
requirements, executive orders, agency regul ations and guidelines, and
other institutional standards of regional and l|ocal interest. (see

Appendix Q).

(3) Environnmental nonitoring. The Council on Environmental Quality
regul ations at 40 CFR 1505.3 state that agencies may provide for
monitoring to assure that their decisions are carried out and should do so
in inportant cases and upon request, make available to the public the
results of relevant nonitoring. The 40 CFR 1505.2 also states that a
moni toring and enforcement program shall be adopted and sunmarized where
applicable. The term"environmental monitoring" as defined in ER 200-2-2
Is that oversight activity necessary to ensure that the decision
including required mtigation measures, is inplenented. Environmenta
monitoring as discussed in Chapter 7 of this manual refers to the overall
process of data collection, management, analysis and interpretation of
short and | ong termchanges over the life of the project and analysis are
di scussed in Chapter 7 of this manual

(4 Each study nust have wel|-defined, detailed objectives prior to
field data collection. The study design should include a rationale for
hypot heses to be tested, the variables to be nonitored, techniques and
equi pnent to be used, sanple station |locations and frequencies, and data
storage and analysis. Monitoring may extend beyond water quality and
ecol ogi cal studies and include nmonitoring noise, emssion from equipment
engines, cultural resources, archeological resources, etc., if deened
appropri ate.

() Environmental studies during early stages of project formulation
shoul d enphasi ze identification of resources, developnment of an eval uation
framework, and collection of readily available information for all
potential alternatives. Resources likely to be inpacted should be
investigated, and additional data needs should be identified.

(b) Detailed analysis of a project occurs after eval uations narrow
the range of specific alternatives to the nost feasible (usually three or
four) which have been selected for study. Beneficial and adverse
environmental effects of each alternative should be quantified where
possible or qualified in adequate detail so they can be included with the
econom ¢ and technical analysis to conpare and select the plan that
maxi mzes NED benefits. Although a preferred alternative can be
identified at this stage, formal selection of an alternative for
construction nust await the conpletion and agency review of the
Environmental |npact Statenent or Environnmental Assessments. In this way
the Corps, the public, and outside agencies have the benefit of a ful
evaluation of all feasible alternatives and a conparison of them by the
| ead agency. Post-construction nonitoring, if authorized, should also be
done to verify the inpact predictions made during w thout project
analysis. \Were nonitoring reveals the presence of unexpected inpacts,
measures should be considered to mninmze the inpacts

3-3



EM 1110-2-1204
10 Jul 89

3-2. Environnental Resource Categories. The renainder of this chapter
summari zes the environmental resource categories that shoul d be considered
in evaluating the coastal shore protection alternatives. The six
categories are physical, water quality, biological, recreational

aesthetic, and cultural.

3-3. Physical.

a. Ceneral. The physical nodifications of the environment from
coastal shore protection projects can result in both desirable and
undesirable inpacts. Many adverse inpacts can be avoided by eval uating
alternatives for siting and design. Consideration of physical inpacts
must occur during both the design stage and inpact assessnent stage.

b. Physical Design Considerations. Structural and, to a |esser
extent, nonstructural neasures have the potential of altering the
hydrodynam ¢ regime (circulation) and the hydraulic and wave energy
conditions of the project area. Furthernore, construction frequently
alters the shoreline configuration and/or bathynetry at the project site
and occasionally up or down coast, by nmodifying the littoral transport
system In many instances these nodifications are the objective of the
design process. The purpose of a shoreline breakwater project is to
reduce wave energy entering a harbor, marina, or other facilities. Goin
projects and jetty construction result in nodification of the littora
transport regine. |If the project is not properly designed, adverse
physi cal inpacts, such as changes in shoreline configuration (shore
erosion) or changes in bathynetry (navigation channel infilling), ny
occur. These inpacts should be identified during the inpact assessment
stage and, if necessary, the project redesigned or relocated to mninize
unwant ed effects, such as excessive maintenance dredgi ng and beach
nouri shnent .

c. Physical Inpact Assessnment. Physical inpacts can occur on both a
short-term and long-term basis. Short-terminpacts are generally
construction related (i.e., short sections of a beach nay be tenporarily
restricted during the fill and grading operations). During a beach
nourishment project or dune construction, sands can becone conpacted
altering transport phenonmena. Physical effects from construction of
breakwaters, jetties, groins, piers, or other nearshore structures stem
fromrock placement, jetting or driving piles, dredging to a solid bed or
required depth, and other on site construction activities. Follow ng the
conmpl etion of these activities, inpacts usually dimnish rapidly (Nagvi
and Pullen 1982, Van Dolah et al. 1984). Long-terminpacts may be nore
important and more difficult to predict. Several tools will help in
assessing potential adverse inpacts: interviews with long-time residents
review of old aerial photos, on site nonitoring, case studies of simlar
PrOjeCtS nureri cal nodel s, and physical nodels. Using any or all of

hese tools, an evaluation of potential changes in circulation patterns,
flushing conditions, and sedi nent transport phenomena shoul d be

3-4
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conpleted.  Cther studies of physical factors may be warranted on a
case- by-case basis.

3-4. \Wter Qualitv.

a. Ceneral. Unlike physical inpacts, water quality inpacts involve
changes in the water colum's characteristics rather than changes in
shoreline configuration or local bathymetry. Again the inpacts are
mani fested on both a short-termand | ong-term basis.

b. Water Quality Design Considerations. The construction process is
often responsible for increases in local turbidity levels, changes in
salinity, releases of toxicants or biostinulants from fill materials,
introduction of petroleum products, and/or the reduction of dissolved
oxygen levels. These inpacts can be minimzed by modifying or selecting
specific construction practices, carefully selecting fill materials, and
in some instances by construction scheduling. These inpacts are
short-lived, and anmbient water quality conditions will rapidly return
unl ess | ong-term changes in the hydrodynam cs and hydraul i cs have
occurred. It is these long-tern inpacts that nust be identified during
the design process. In addition to the general inpacts of the selected
alternatives (whether structural or nonstructural), the proposed design
specifications of any selected alternative al so have the potential for
affecting water quality. For exanple, the design of an off-shore
breakwat er (length, height, water depth, spacing) will greatly influence
its inpact on circulation and flushing and thus its inmpact on water
quality.

c. \Water Quality Inpact Assessment. The long-terminpact on water
quality of nonstructural alternatives, i.e., planting beach grasses for
dune stabilization, marsh grasses for bank stabilization, and seagrasses
for bottom sedinent stabilization, is generally negligible, whereas
structural alternatives have a range of potential inpacts. The range is a
function of the location, size, and type of structure. In general, groins
have the least potential for water quality inpacts. Because groins change
local patterns of water circulation, sone changes in specific water
quality parameters may occur, but these inpacts are mninmal for nost groin
projects. The water quality effects of bul kheads and seawal|s are sinilar
inthat both will reduce erosion of the backshore and decrease |oca
|l evel s of suspended solids. Revetments, sinmilarly to bul kheads and
seawal | s, may pronmote erosion of the foreshore and increase |evels of
suspended solids but to lesser extent. On the other hand, these
structures may reduce overall levels of suspended solids by preventing
erosion of uplands and backshore materials. Jetties and breakwaters have
the greatest potential inpact on circulation and flushing. The placenent
of jetties my not only alter circulation patterns and flushing
conditions, as well as erosion and deposition patterns, but may also alter
both river outflow and tidal conditions. These inpacts may be of
consequence well into the estuary and may have w despread effects, such as
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changing salinity and circulation patterns. Breakwaters, by definition,
are wave energy barriers designed to protect |andfornms or harbor-
behind them These off-shore structures also often influence circulation
and flushing action in their lee. If the breakwater is constructed to
forma semencl osed basin for use as a harbor or marina, the flushing
conditions of the project area may be dramatically altered. Assessment
and eval uation of water quality inpacts nmust begin in the planning stage
and continue at least through the design stage. Postconstruction
monitoring may al so be reconmrended to provide feedback for future

proj ects.

d. Qher Contamnants. Activities involving sedinents or other
construction materials known to contain chemcal toxins should be
conducted with special precautions to avoid unnecessary chemcal release
into the water body. O particular concern would be potentia
i ntroduction of chemcal agents either during preparation, application, or
cleanup of construction equipnment. Chemcal cleaning agents may al so
contain toxic conpounds. Little is known about the potential affects of
t hese conpounds on aquatic organisms even in trace amounts. However
chem cals may acutely or chronically affect sensitive life history stages
of fishes and shellfishes through: sorption onto eggs, causing reduced
survival rates and hatching; inpaired osmoregulatory ability, causing
del ayed devel opment or nortality: or inpaired sensory ability, affecting
feeding, movenent, or predator avoidance (Cairns 1968, Sindermann et al.
1982). QO 'sen (1984) provides a good general review of the literature on
the availability and bioaccunul ation of heavy netals, petrol eum
hydrocarbons, synthetic organic conmpounds, and radionuclides in
sediments. Specific information on toxicity, sublethal effects and
bi oaccumul ati on of selected chem cal compounds is given by Eisler
(1985a-d, 1986a-b). Any release of potentially toxic chem cal substances
into the water should be particularly avoi ded during periods when the area
I's being utilized by mgratory species and/or juvenile forms and during
periods of harvest of nearby comrercially inportant shellfishes.

3-5.  Biological

a. Ceneral. Nearshore marine and estuarine biological systens are
diverse and conplex. Shore protection projects may benefit one or nore
components of the biological systemwhile adversely inpacting others.

Bi ol ogi cal assessments of shore protection projects are used to predict
the kind of ecosystem and inportance, spatial extent, and severity of
expected biological changes. In practice, analysis usually focuses upon
species of commercial or recreational inportance; rare, threatened, or
endangered species; and sensitive or highly productive habitats.

b. Biological Design Considerations.
(1) The construction of shore protection nmeasures usually produces
short-term physical and water quality disturbances. These perturbations
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directly inpact biological comunities and may result in |ong-term

i npact s. For exanple, some ecosystens damaged by construction or water
qual ity degradation may recover slowy and take years to achieve
preconstruction |evels of devel opnent. Many of these inpacts are

unavoi dabl e.  However, construction activities can often be timed to avoid
critical events such as fish or shellfish migrations or shorebird

nesting. Construction activities also can often be |ocated to avoid
sensitive areas.

(2) Coastal structures alter bottom habitats by physical eradication
and in some cases by deposition or scour. However, certain hard
structures often create a highly productive, artificial reef type
habitat. The type of material used to build a structure and the surface
area of the structure will influence the quality of the newy created
habi t at .

(3) Some structures, which are connected to the shore and extend sone
di stance seaward, may potentially interfere with the mgration of certain
fish and shellfish. To alleviate these concerns the structure. may be
modi fied to include gaps or shortened in length, or |ocated outside the
path of the nigrations.

(4) Followi ng construction, some renedial neasures can be used to
m ni m ze biological inpacts. For exanple, plant conmunities such as

seagrass, beachgrass, and marsh grasses can be replanted fol | ow ng
construction.

(5) Noise pollution fromdredging or other activities may also be a
maj or concern when in the proximty of bird nesting sites (Buckely and
Buckely 1977). However, breeding activities are seasonal, and disturbance
can be avoi ded by scheduling the operations during nonusage peri ods.

C. Biological Inpact Assessnent. The assessnment of biologica
inpacts must begin very early in the planning process. Some types of
bi ol ogi cal studies tend to be tinme consuning and often require data
col lection over an extended period of time. Early identification of
specific biological issues is critical. Chapter 7 provides valuable
information on the conduct of biological studies when inportant issues
have been established. Oten a key issue is possible siting of a project
in a valuable biological area. |If the ecosystemcan be |ocated and mapped
early, it mght be possible to move the project el sewhere to avoid the
i mpacts, or redesign the project to reduce inpacts

(1) Habitat nodification. Al shore protection projects result in
some nodification of coastal habitats. Beach nourishnent results in
snot hered benthic comunities, although the recovery of these communities
foll owing nourishnent is reported to be generally rapid (Nagvi and Pullen
1982). Structures provide a permanent alteration of the bottom In sone
cases, the tradeoff made in replacing "soft" (mud or sand) bottom habit at
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with "hard" (rock, at least in rubble mund structures) bottom habitat has
general |y been viewed as a beneficial inpact associated with coasta
structures where diversity is desired (Van Dolah et al. 1984). Such
habitat nodification is typically not a major biological inpact issue
except when highly productive habitats such as coral reefs, seagrass beds,
and spawni ng and nesting areas are invol ved.

(2) Fish mgration. The inpact of coastal structures on fish and
shellfish larval mgration has been raised as a biological issue. Early
life history stages of many inportant commercial and sport fishes and
shel | fishes are alnost entirely dependent on water currents for
transportation between off-shore estuarine spawi ng grounds and nursery
areas. Sone coastal structures (inlet jetties in particular) may
interfere with this mgration process by nodifying currents. However, the
extent of a problemof this nature will depend upon a case-by-case
evaluation of each site. Sinilar inpacts have been associated with
jetties and breakwaters on mgrations of juvenile and adult fishes and
shel I fishes. This issue has been raised prinarily in association wth
anadromous fishes in the Pacific Northwest. Conclusive evidence
supporting these concerns has not been provided.

(3) Predation pressure. Coastal rubble mound structures provide
substrate for the establishment of artificial reef communities. As such,
jetties and breakwaters serve as a focal point for congregations of sone
types of fishes and shellfishes which feed or find shelter there. This
condition has also generated a concern by resource agencies, again largely
associated with projects in the Pacific Northwest, that high densities of
predators in the vicinity of jetties and breakwaters pose a threat to egg,
larval, and juvenile stages of inportant species. Conclusive evidence
denonstrating the presence or absence of a significant inpact is currently
unavail able and will be extremely difficult to establish. It is
unwarranted in any case to apply generalizations, and eval uations nust be
conducted on a site specific basis. For exanple, exanination of existing
simlar structures nearby the proposed project site could provide clues on
the type and extent of marine organi sm devel opment on jetties,
breakwat ers, and ot her rubbl enound structures.

3-6. Recreational.

a. Ceneral.

(1) Requirenents. Recreation devel opment requires cost sharing by a
| ocal sponsor. Refer to EP 1165-2-1 for cost-sharing policies
Additional basic requirements for recreation devel opments include

(a) Sufficient demand to ensure utilization of the facility.

(b) Publicly controlled sites, including access routes.
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(c) Provisions for prevention of vandalism

Refer to ER 1105-2-20 and Appendi x D of ER 1110-2-400 for a description of
the types of recreation facilities eligible for Federal cost sharing. In
general, eligible facilities are those not ordinarily provided by private
enterprise or on a commercial or self-liquidating basis. In addition to
these regul ations, feature selection is also controlled by project site
characteristics.

(2) Structures. The recreational potential of engineering structures
such as jetties, groins, and breakwaters is generally limted, although in
some cases slight nodification of structures may increase their
suitability for certain recreational activities. For example, jetties and
groins often provide additional fish habitat and may becone popul ar
fishing spots and surfing areas. Provision for access, parking, and
public safety can enhance their recreational potential. Mdifications can
be incorporated during the early design stage or retrofitted to existing
structures.

(3) Lands. Project lands, whether purchased or created through
di sposal or accretion, have high and diverse recreation potential. They
are especially attractive for shoreline recreation devel opment such as
sw nm ng beaches, boat |aunching ranps, marinas, and fishing piers.
Canpgrounds, nultiple-day use areas, and trail systens are appropriate
where areas are of sufficient size. Wiile high-intensity recreational use
I's generally dependent on facilities devel opnent, undevel oped proj ect
| ands can support activities such as nature study, hunting, and
beachconbing if sufficient access is provided. Were possible,
recreational facilities should acconmodate the handicapped. Table 3-I
outlines specific activities and required facilities for recreational use
of Corps projects.

b. Recreation Design Considerations.

(1) Refer to EM 1110-1-400 and ER 1110-2-400 for guidance on design
of recreation features. Additional information regarding |and-based
recreation and water-based activities is given by Nunnally and Shiel ds
(1985).

(2) Recreation facilities should be sized and |ocated to avoid over
utilization or underutilization, as well as conflicts with other
aut hori zed project purposes such as navigation. Refer to U ban Research
and Devel opment Corporation (1980) for nethods to estimate carrying
capacity. Over use often results in degradation of the natural resources.
In addition, uncontrolled usage may inpact the integrity of the shore
protection project, particularly when dune or marsh vegetation is an
integral part of that project. It is therefore necessary to assure
adequat e managenent to provide for optinum public use and maintain the
natural characteristics and resource capabilities of the area

3-9



EM 1110-2-1204
10 Jul 89

3-7. Aesthetic.

a. Ceneral. Coastal shore protection projects affect aesthetic
characteristics of the environnent through changes caused by construction
and maintenance activities, the presence of the coastal structures, and
changes in public use patterns. Changes in public use patterns include
the increased use of the coastal area for recreation or increased use of
an area resulting from the protection afforded by the coastal structure
The aesthetic value of an environnent is determned by the conbination of
| andscape conponents, e.g., water resources, vegetation, and the
perceptions and expectations for the resource user or visitor.

Perceptions of aesthetic value enconpass all of the perceptual stimuli in
the environnent, i.e., sight, scents, tastes, and sounds and the
interaction of these. Visual perceptions are the nmost predom nant of the
senses, and visual changes are the major focus of aesthetic assessnents
The visual environnent for coastal shore protection includes terrestria

| andscapes, shorelines, open-water channels, and waterways. Many coasta
areas associated with coastal shore protection projects offer a high-val ue
aesthetic experience.

b. Aesthetic Design Considerations. The assistance of a |andscape
architect should be sought for consideration of |andscape design and
aesthetic inpact assessment. The |andscape conponents of all environnents
can be manipul ated, to some extent, to increase positive visual effects
The I andscape conponents usual 'y considered in water resource projects
include landforms, water resources, vegetation, and use characteristics
e.g., recreation or navigation. Each of the |andscape conponents has
associ ated design elenents that affect visual quality. The design
elenents are color, form line, texture, scale, and spatial character. In
consi dering the design elements, scale may be constrained nore than the
ot her properties because of its dependence on object size and the
limtation on choice of size for nost project features. Exanples include
the use of natural materials which possess colors, forms and textures that
are nore desirable than man-made materials, topographic modification of
linear features to achieve a nore irregular, natural appearing profile,
and sel ection and placement of trees, grasses, and shrubs to inprove
conpatibility of color, form line, texture, and scale. Nonstructural
alternatives, of course, provide high potential for maintaining or
enhancing natural aesthetically pleasing conditions.

c. Aesthetic Inpact Assessnment. Potential visual inpacts of proposed
coastal projects or inpacts at sites of existing projects can be assessed
with a procedure such as the Visual Resources Assessnent Procedures (VRAP)
recommended to the US Any Engi neer Waterways Experiment Station by the
Departnent of Landscape, State University of New York, Syracuse
Aesthetic inpact assessnment involves determning the changes to the
| andscape conponents caused by a proposed project. The potential changes
caused by changes in vegetation and water resources can be determ ned by
project plans. Evaluating the future visual appearance of a project is

3-10



Recreational Activities and Facilities

EM 1110-2-1204
10 Jul 89

TABLE 3-1

1

Activities

Beachcombi ng
Bi cycling
Boat | aunching

Boat nooring areas

Canpi ng

Fi shing

H ki ng

Hunt i ng
Joggi ng/ runni ng
Nat ure study
Qut door ganes
Pi cni cki ng
Sunbat hi ng

Swi mmi ng

Si ght seei ng

Surfing

Snor kel i ng and
scuba diving

Facilities

Beach
Trail or road

Ranp and parking areas

Mooring buoys, boat slips, breakwaters,
wake absorbers, jetties, dredged
channels, aids to navigation, etc

Canpground, trash receptacles
restroons

Water access

Trails

Sufficient area and habitat and access
Jogging and running trails and paths
Nature area

Mil tiple play area

Tabl es, trash receptacles, fireplaces
Beach

Suitabl e water and shoreline

Sceni ¢ overl ook or view ng tower
projects

Water access, suitable wave clinmate and
shoreline orientation, and/or sand bars

Vter access and marine recreational or
park areas including navigational aids

1/"Where possible, all facilities should acconmopdate handi capped and

wheel chairs.
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most appropriately done by visual sinulations, such as draw ngs or
rendering on a photograph. Districts have a nunber of graphic
capabilities that can be used for visual sinulations. Assistance of a

| andscape architect should be sought for the aesthetic inpact assessnents.

3-8. Cultural

a. Ceneral. (Cuidance on the need for identification and protection
of significant cultural resources in a project area is provided in
ER 1105-2-50. Cultural resources are the physical evidence of past and
present habitation that can be used to reconstruct or preserve human
history. This evidence consists of structures, sites, artifacts, and
objects that may best be studied to obtain relevant information. Cultural
resources found in coastal shore protection project areas provide physica
evi dence of how the areas were used for comrercial and gane fishing
navi gation, agriculture, and other activities during historic and
prehistoric periods. ldentification and interpretation of cultura
resource sites clarify the relationship between present-day use and past
use. Protection of these historic properties is in the broad public
interest as declared by Congress and should be identified, evaluated,
protected, Preserved, and managed. Cultural resource preservation is an
equal and integral part of resource management and shoul d be given equa
consi deration along with other resource objectives.

b. Coordination Requirements. ER 1105-2-50 requires all actions
i nvol ving unavoi dable effects on Natural Register or eligible historic
properties to be fully coordinated with the State H storic Preservation
Oficer (SHPO and the Advisory Council on Hstoric Preservation (ACHP)
It may also be desirable to establish and maintain coordination with state
archaeol ogi sts, state and | ocal archaeol ogi cal or historical societies,
and other state and federal agencies or institutions with specia
interests or expertise.

C. CQultural Resources Analysis. An analysis of the cultura
resources of the project area is usually done during the planning phase to
identify sites that require protection or mtigation due to their cultura
significance. An analysis of cultural resources usually begins with a
reconnai ssance survey to determne whether sites are present and is later
followed by an inventory of the cultural resource sites including their
function and significance and an assessnment of the potential |osses or
damages due to the project. ldentification of sites is acconplished by
prof essi onal archaeol ogi sts, often through interviews with [ocal officials
and residents, and by exam nation of archival materials such as the
National Register of Hstoric Places, national architectural and
engi neering records, maps, and official records. The interviews and
archival search delineate the density of sites and the types of sites
present, i.e., prehistoric sites, historic sites, architectural elements
and engineering elements. The significance of each site is determned by
criteria established by the National Register of Hstoric Places and by
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prof essional judgment. Loss or damage to sites fromprelininary or
potential project designs can be deternined froman inventory and
significance analysis, usually acconplished during the planning stage of
the project as a result of an intensive archaeol ogical survey. A
managenent plan shoul d be prepared for each applicable project consistent
with current guidance to identify, evaluate, protect, preserve, and manage
significant historic properties. A nmitigation plan may be required when
damage to significant resources is expected

d. Cultural Resources and Design. Project designers should use the
cultural resources analysis to devel op designs that incorporate protection
of the resources. conpliance with historical preservation statutes is a
significant determ nant in devel oping the scope of studies and nmitigation
of inpacts to significant resources. Preservation through avoi dance of
effects is preferable. \Were avoidance of effects is inpossible
protective measures incorporated in to project design nust consider the
nature and characteristics of the resource, site topography, and operation
and maintenance requirements. \Wenever a significant historic or
archeol ogical site is to be inpacted, project design nust proceed in
consul tation with the SHPO and ACHP in accordance with ER 1105-2-50 and 36
CFR Part 800. Project designers should consult Technical Report EL-87-3,
Archaeol ogical Site Preservation Techniques: A Prelimnary Review
(Thorne, Fay, and Hester 1987).
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CHAPTER 4

PROTECTI VE BEACHES AND DUNES

4-1. Protective Beaches.

a. Ceneral

(1) The sloping beach and beach berm are the outer line of defense
i n absorbing nost wave energy; dunes are the last zone of defense in
absorbing the energy of storm waves that overtop the berm Beaches and
dunes forma natural system of shore protection for coastal |ow ands and
associ ated devel opment. \When the natural protection system provides
i nadequate protection fromlarge storms, the first solutions frequently
chosen are quasi-natural methods such as beach nourishment or artificia
sand-dune construction. Such solutions retain the beach as a very
ef fective wave energy dissipater and the dune as a flexible last |ine of
defense. Poorly conceived construction involving renoval of berms and
dunes or changes in long shore transport often aggravate shoreline
erosion within and adjacent to the project area

(2) Beach sedinents on nost beaches range fromfine sands to
cobbles. The size and character of sedinents and the slope of the beach
are related to the forces to which the beach is exposed and the type of
material available on the coast. Mich of the beach naterial originates
many niles inland where weathering of mountains produces small rock
fragnments that are reduced to sand and gravel. Wen this sand and grave
reaches the coastal area, it is nmoved along shore by waves and currents
This longshore transport is a constant process, and great volumes may be
transported. Beach material is also derived fromerosion of nearby
coastal beaches and dunes caused by waves and currents and, in sone cases
by onshore novenent of sediment from deeper water. In sone regions, a
sizable fraction of the beach material is conposed of nmarine shel
fragments, coral reef fragnments, cobbles, or volcanic materials. Cay and
silt do not usually exist on ocean beaches because the waves create such
turbulence in the water along the shore that these fine particles are
suspended and transported to |low energy areas, either offshore into deeper
water or into bays and estuaries.

(3) Beach characteristics are usually described in terms of average
size of the sand particles that nmake up the beach, range and distribution
of sizes of the sand particles, sand conposition, elevation and width of
berm slope or steepness of the foreshore, the existence (or |ack) of an
of fshore bar, and the general slope of the inshore zone fronting the beach
(Figure 4-1). Cenerally, the larger the sand particles the steeper the
beach slope. Beaches with gently sloping foreshores and inshore zones
usual Iy have a preponderance of the finer sizes of sand
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Figure 4-1. Visual definition of terms describing a typical beach
profile (US Arny Engi neer \Wterways Experinent Station
1984)

(4 Beaches can effectively dissipate wave energy and are classified
as shore protection structures when maintained at proper dinensions. Wen
beaches have narrowed because of |ong-termerosional trends or severe
storms, beach restoration is often proposed. Beach restoration is the
practice of mechanically or hydraulically placing sand directly on an
eroding shore. However, it is inportant to remenber that the
repl eni shment of sand eroded fromthe beach does not in itself solve an
ongoing erosion problem Periodic replenishment will usually be
required. Replenishment along an eroding beach segment can al so be
achi eved by stockpiling suitable beach material at its updrift end feeder
beach and al |l owi ng | ongshore processes to redistribute the material along
the remaining beach. The establishnent and periodic repleni shment of such
a stockpile is termed "artificial beach nourishment" (Figure 4-2).
Artificial beach nourishnment then maintains the shoreline at its restored
position. When conditions are suitable for artificial nourishnment, |ong
reaches of shore may be protected by this nethod at a relatively | ow cost
per linear meter of protected shore. An equally inportant advantage is
that artificial nourishment directly but tenporarily remedies a basic
cause of nost erosion problems--a deficiency in sand supply--and benefits
rather than damages the adjacent shore. However, the use of feeder
beaches may not be applicable in all cases. Thus, nourishnent nmay be
required along the entire length of an eroded beach. Feeder beaches are
most often used after a beach has been restored to an acceptable
al i gnnent .

b. Role in Shore Protection. The shoreline, the interface between
the land and the sea, is |located where tides, w nds, and waves attack the
| and, and where the land responds to this attack by a variety of "give and
take" nmeasures which effectively dissipate the sea' s energy.
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Figure 4-2. Beach nourishment operation, Myport, Florida (courtesy
of US Arny Engineer District, Jacksonville)

(1) As a wave moves toward shore, it encounters the first beach defense
in the formof the sloping nearshore bottom (Figure 4-3; Profile A). Along a
gently sloping beach, when the wave reaches a water depth equal to about
1.3 tinmes the wave height, the wave collapses or breaks. Thus, a wave
0.9 neter (3 feet) high will break in a depth of about 1.2 meters (4 feet).
If there I's an increase in the incomng wave energy, the beach adjusts its
profile to facilitate the dissipation of the additional energy. This adjust-
ment is most frequently done by the seaward transport of beach material to an
area where the bottom water velocities are sufficiently reduced to cause sedi-
ment deposition. Eventually enough material is deposited to form an offshore
bar that causes the waves to break farther seaward, w dening the surf zone
over which the remaining energy nust be dissipated. Tides conpound the dy-
nam ¢ beach response by constantly changing the elevation at which the water
intersects the shore and by providing tidal currents. Thus, the beach is
al ways adjusting to changes in both wave energy and water |evel

(2) During storms, strong wi nds generate high, steep waves. In addi-
tion, these winds often create a storm surge which raises the water |evel and
exposes higher parts of the beach to wave action. The storm surge allows the
| arge waves to pass over an offshore bar or reef formation wthout breaking.
Wen the waves finally break, the remaining width of the surf zone is not suf-
ficient to dissipate the increased energy contained in the stormwaves. The
remai ning energy is spent in erosion of the beach, berm and sometinmes dunes
which are now exposed to wave attack by virtue of the storm surge. The eroded
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material is carriedoffshore in large quantities where it is deposited on the
nearshore bottom to form an offshore bar. This bar eventually grows |arge
enough to break the incomng waves farther offshore, forcing the waves to spend
their energy in the surf zone. This process is illustrated in Figure 4-3
(Profiles B, C, and D).

(3) Beach berns are built naturally by waves to about the highest
el evation reached by average storm waves. Wen storm waves erode the berm and
carry the sand off shore, the protective value of the bermis reduced and |arge
waves can overtop the berm The width of the bermat the time of a stormthus
i nfluences the amount of damage a stormcan inflict. During extrene events,
berm material can be carried |andward and deposited, thus removing the materia
fromthe zone of littoral drift.

(4) Another dynamc feature of the beach and nearshore physical system
is littoral transport, defined as the novenent of sedinents in the nearshore
zone by waves and currents. Littoral transport is divided into two genera
classes : transport parallel to the shore (longshore transport), and transport
perpendi cular to the shore (onshore-offshore transport). The material that is
transported is called littoral drift. Longshore transport results fromthe
stirring up of sediment by the breaking waves and novenent of this sedinent by
a longshore current generated by the breaking waves. The direction of |ong-
shore transport is directly related to the angle at which the wave breaks
relative to the shoreline. Onshore-offshore transport is determned prinarily
by wave steepness, sedinent size, and beach slope. In general, high steep
waves nove material offshore, and | ow waves of |ong period (| ow steepness) nove
material onshore.

C. Physical Considerations.
(1) Construction inpacts.

(a) Three primary methods of placing sand on an eroding beach are |and-
haul ing froma nearby borrow area, direct punmping of sand through a pipeline
froman inlet or an offshore borrow area using a floating dredge, and trans-
porting sand in a split-hull barge froma nearby area. Two basic types of
floating dredges are used to renove nmaterial fromthe bottomand punp onto the
beach. These two are the hopper dredge (wth punp-out capability) and the
hydraulic pipeline dredge (suction dredge). Hydraulic pipeline dredges are
better suited to sheltered waters where wave height is |ess than one neter. A
cutterhead is often used on the suction dredge. The action of the cutterhead
agitates the substrate to a greater degree than a suction dredge wthout a
cutterhead, creating a greater potential for elevated suspended sedi ment con-
centrations and turbidity. However, suspended sediments and turbidity are
generally not a problemin sands. Studies have shown that very little materia
I's resuspended froma properly operated cutterhead dredge. Desilting or
sedi mentati onbasins are often needed to provide a controlled environnent where
pipeline slurry waters can be punped and dewatered prior to placement of sand
on the beach. These basins prevent the ecol ogical and esthetic consequences of
turbidity and sedinentation from pipeline discharges.
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(b) Placenent of equiprment such as dredge anchors and pipelines can
damage environnmentally sensitive habitats such as coral reefs, seagrass beds,
and dunes. Damage to coral reefs has been caused by dragging of anchors or
ot her equi prment across a reef (Maragos et al. 1977, Spadoni 1979, Courtenay
et al. 1980). In addition, the operation of equipnment on the beach can damage
dune vegetation and may cause conpaction. Narrowtracked vehicles do not
distribute the weight of the equipnment as well as wider tracked vehicles and
cause greater damage to the vegetation and increased sand conpaction. Highly
conpacted beaches may have reduced nunbers of burrowi ng organisns. Beach bor-
rowing animals such as ghost crabs and sea turtles have difficulty digging in
conpacted beaches.

(2) Sedinment nodification.

(a) Sedinments on nobst beaches range from fine sands to cobbles. The
size and character of sedinents and the slope of the beach are related to the
natural forces to which the beach is exposed and the type of sedinent avail-
able on the coast. The beach sediments may be in equilibrium due to the pre-
vailing physical forces, or they nmay be eroding or accreting. Wen nmaterial
is newy deposited on a high-energy beach, it nodifies the beach sand/water
interface and generally sand grain-size distribution, and may increase the
suspended sedinents of the adjacent nearshore waters depending on the type and
particle size of sediments deposited. Wves and currents tend to w nnow the
finer sedinments and to suspend them in the water colum. Finer sedinments are
transported offshore and are deposited in the deeper, calmer offshore waters.
These processes continue at a rather rapid pace until a nore stable (flatter)
beach profile is again achieved. Parr et al. (1978) observed at |Inperial
Beach, California, that fine sediments were rapidly sorted out of nourishnent
sedinments and that sedinent grain-size distribution after about four nonths
was conparable to the beach sedinents prior to nourishnent. CGenerally, silts
and clays in the fill material are suspended during placenment, but after
initial placement turbidity and suspended sediments are dissipated.

(b) Coincident with changes in grain size and shape in beach material,
an increase in conpaction of the beach can result from beach nourishnment. A
conpact beach is less suitable for burrowing organisms. An increase in fine
material, mneralization or the binding together of particles, and the |ayer-
ing of flat-shaped grains may contribute to an increase in conpaction. How
ever, a greater occurrence of increased conpaction is likely when sand is
punped onto a beach in a water slurry. This sand-water slurry allows mnmaxi mum
crowdi ng together of sand grains which results in a very dense, conpact beach
(Smth 1985). Increases in conpaction nmay be a short-term effect since the
beach will be softened by wave action, particularly during storns.

d.  Water Qality Considerations. Problens related to water quality and
turbidity in the nearshore zone of a high-energy beach do not appear to be a
maj or concern because the fine sedinents that contain high | evels of organic
material and other constituents are rapidly transported offshore and sulfides
are oxidized (Nagvi and Pullen 1982). However, high turbidities resulting
from prolonged beach nourishment and/or erosion degradation of nourishnment
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material may indirectly affect light-sensitive plants and aninals. The
reduced sunlight penetration into the water nay inpact nearshore corals, asso-
ciated algae, and submerged aquatic vegetation. It may also affect the mgra-

tion and feeding of visually oriented adult and juvenile fishes and the
recruitnent of larval and juvenile animals to the beaches. Turbidity result-
ing from beach nourishment generally creates only mnor inpacts in the surf
and the offshore zones except when light sensitive resources are involved

(Nagvi and Pullen, 1982). Precautions should be taken to use only clean,
uncontanminated material. \hile nost dredged material is clean sand, concerns
about the presence of toxins in the borrow material will have to be addressed.

e. Biological Consi der at i ons.
(1) Fish and other notile aninmals.

(a) Suspended solids in the water can affect fish popul ations by del ay-
ing the hatching tine of fish eggs (Schubel and Wang 1973), killing the fish
by abrading their gills, and anoxia (O Connor et al. 1976). Fish tolerance to
suspended solids varies from species to species and by age (Boehmer and
Sleight 1975, O Connor et al. 1976). This problem does not appear to be a
maj or one along coastal beaches.

(b) Destruction of habitat rather than suspension of sedinents seens to
be the major hazard to beach and nearshore fishes. Mst of these aninals have
the ability to mgrate from an undesirable environment and return when dispo-
sal ceases (O Connor et al. 1976, Courtenay et al. 1980). Species that are
closely associated with the beach for part of their life cycle are nost |ikely
affected by beach nourishnent. Parr et al. (1978) observed that beach nour-
ishnent did not prevent subsequent spawning of grunion (Leuresthes tenuis) at
I mperial Beach, California. However, the dusky jawish (Opistognathus
whitehursti), a burrowing species with limted nobility and narrow sand
grain-size requirements, was displaced by fine sedinents on the east coast of
Florida (Courtenay et al. 1980).

(c) The loss of a food source due to burial by nourishnent sedi nents may
also have some effect on notile populations. However, there is evidence that
nouri shnent benefits sone fish by suspending food material (Courtenay et al.
1972). Al so, associated turbidities may provide tenporary protection from
predators (Harper 1973). Studies indicate that fishes nmay be attracted to
dredging (Ingle 1952, Viosca 1958) or to sand m ning operations (Maragos
et al. 1977). Sherk et al. (1974) found that denersal fishes are nore toler-
ant to suspended solids than filter-feeding fishes.

(d) Several long-term studies have shown that nobderate to conplete
recovery of notile animal populations occurred within less than a year.
Courtenay et al. (1972, 1980), Parr et al. (1978), Reilly and Bellis (1978),
and Holland et al. (1980) described notile fauna recovery follow ng beach
nouri shrent . These studi es have shown that notile animls generally tenporar-
ily depart an area disturbed by beach nourishment, but return when the physi-
cal disturbance ceased. diver et al. (1977) observed that denersal fishes
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noved into an area within the first day after a disturbance. Courtenay et al.
(1980) noted that Ilobsters, crabs, shrinp, and fishes left disturbed areas,

but reappeared within four nonths after the disturbance. The notile aninmals
which have stringent environnental requirenents, such as substrate preferences
for spawning, foraging, or shelter, are nost likely to be affected.

(2) Benthos.

(a) Species conprising marine bottom conmunities on nost hi gh-energy
coastal beaches are adapted to periodic changes related to the natural erosion
and accretion cycles and storns. Organi snms adapted to unstabl e nearshore bot-
tom conditions tend to tolerate perturbations better than those in nore stable
of fshore environments (Thonpson 1973, Oiver and Slattery 1976). Burial of
of fshore benthic aninmals by nourishment material has a greater potential for
adverse inpacts because the subtidal organisns are nore sensitive to perturba-
tion than those in the intertidal and upper beach zone (Naqvi and Pullen
1982). For that matter, any project which results in net deposition of sedi-
ment onto an offshore benthic community will tend to cause greater inpacts.
Direct burial of nonmotile forms with beach nourishment material can be
| ethal, whereas notile animals mght escape injury. However, burial of ani-
mal s is not generally significant at the popul ation or community |evel, unless
it is a sensitive resource such as corals. Sone infaunal bivalves and crusta-
ceans can nmigrate vertically through nore than 0.3 neter (1 foot) of sedinent
(Maurer et al. 1978). Survival depends not only on the depth of deposited
sedinent, but also on rate of deposition, length of burial tine, season,
particle-size distribution, and other habitat requirements of the aninals.

(b) Followi ng dredging and burial of benthic animals, a short-term
increase in diversity, accounted for by recruitment of opportunistic species,
may occur (Clark 1969, CGustafson 1972, Parr et al. 1978, Applied Biology, Inc.
1979). These opportunistic species, which initially invade the disturbed
area, are generally later replaced by species comon to the original commun-
ity. A sinmlar response can also result from natural events such as stornms,
hurricanes, and episodes of "red tide" organisnms (Saloman and Naughton 1977,
Simon and Dauer 1977). The recovery rate of preproject resident species wll
vary from5 weeks to 2 years (Hayden and Dol an 1974, Sal oman 1974, Parr et al.
1978, Reilly and Bellis 1978, Taylor Biological Conpany 1978, Tropical Bio-
logical Industries 1979, Marsh et al. 1980). Reef corals tend to be anobng the
sl owest of recolonizers (15-50 years) and usually require hard substrates for
larval settlement and attachment.

(c) Recovery will depend on the species affected, the season in which
nourishnent occurs, and the recruitment of larvae into the area. The ability
of nmost macrofauna to recover rapidly is due to their short life cycles, their
high reproductive potential, and the rapid recruitment of planktonic [|arvae
and notile macrofauna from nearby unaffected areas. Shore zone animals are
general ly adapted to living in a high-energy environment; thus they can toler-
ate a high level of disturbance.
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(3) Oysters. The turbidity and increased sedimentation that can result
from beach nourishnent in coastal bays and estuaries can be detrimental to
oysters. El evated turbidity can reduce oyster respiration and ingestion of
food (Loosanoff 1962). Mature oyster reefs are nore susceptible to el evated
turbidity, sedinentation, and direct physical alteration than inmature reefs
because mature reefs are already stressed from crowding (Bahr and Lanier
1981). Even a noderate disturbance of a mature reef can destroy it. Inmature
reefs can undergo rapid growh and thus are nore resilient to disturbance
(Bahr and Lanier 1981).

(4) Seagrasses and mangroves. Burial, wuprooting, elevated turbidity
effects, and sedimentation as results of beach nourishnment may damage coastal
vegetation (Zieman 1982). Seagrasses may be slow to recover when rhizones are

severed and plants are uprooted (Godcharles 1971, Zi enan 1975). El evated
siltation rates and turbidity can cause suffocation and reduce photosynthetic
activity in seagrasses (Thayer et al. 1984). Covering of mangrove prop roots
with dredged naterial can kill the plants (Odum et al. 1982).

(5) Corals.

(a) Corals are sensitive to covering by fine sedinents (Figure 4-4).
Hard corals (Scleractinians) are nore sensitive than soft corals (Cctocora-
lians) because they are not as capable of cleansing thenselves of heavy sedi-
ment loads and are easily smothered. Sand or silt accunulation on reefs wll
foul and kill corals, algae, other invertebrates, and also displace other
resident invertebrates and fish. The soft corals are better adapted for sur-
vival in the nearshore areas subject to beach nourishnent.

(b) Coral damage as a result of beach nourishment is usually caused by
el evated sedinentation rates and by direct physical danage (e.g. burial) to
the reef. Sedinentation may inhibit the food-acquiring capability of the
coral polyps and inhibit photosynthesis of synbiotic unicellular algae
(Zooant hel l ae), eventually Kkilling the coral (CGoldberg 1970, Courtenay et al.
1972).

(c) Several studies have shown that coral reefs can wi thstand sone sedi-
ment ati on. Courtenay et al. (1974) exanmined the effects of beach nourishment
on nearshore reefs at Hallandale Beach, Florida. They noted that the reefs
sustained short-term danage caused by fine naterials eroding from the nour-

i shed beach. A follow up survey seven year |ater found no evidence of mgjor
reef dammge (Courtenay et al. 1980, Marsh et al. 1980). Excessive sedinenta-
tion which buries a reef results in pernmanent destruction or replacenent by
soft bottom habitat and communities. Even for reefs where accunulated sedi-
nent is renmoved by later storns, recolonization by corals and other organisnms
on the dead surfaces may take decades to be conplete.

(6) Sea turtles.
(a) Nourishment can affect the sea turtles directly by nest burial or by

disturbing nest locating and digging behavior during the spring and sumrer
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Figure 4-4. Reef fauna near outer edge of second reef off Colden
Beach, Florida (Courtenay et al. 1980)

nesting season (Figure 4-5). Indirectly, beach nourishnent or replenishnent
has the potential of affecting sea turtle nest site selection, egg clutch
viability, and hatchling energence by altering the physical nakeup of the
beach. Factors such as sand grain size distribution, grain shape, noisture
content, «color, tenperature, and the density of the sand nay be altered.

(b) Smaller grain size, flatter shaped grains, and greater density may
cause conpaction of the beach. A conpacted beach will inhibit nest excavation
by sea turtles (Fletemeyer 1980, Ehrhart and Raynond 1983) and inpede energ-
ence of hatchlings (Fletenmeyer 1979). Mortimer (1981) and Schwartz (1982)
reported that an optinum range of grain size for hatchling success was coarse
to fine sand (2.5 to 0.125 nillimeters). Even though sand particle size
distribution varies greatly from one nesting beach to another (Hrth and Carr
1970, Hirth 1971, Hughes 1974, Stancyk and Ross 1978), when sands are too fine
the gas diffusion rate required to support enbryonic devel opnent nay becone
i nadequat e (Ackernman 1977; Mortiner 1979, 1981; Schwartz 1982). If sands are
too coarse, the nest collapses and the hatchling turtles are unable to energe
to the surface (Mann 1978, Sella 1981).

(c) Sand tenperature may be affected by sand color, density, and grain
size of borrow material. Nest site selection, incubation duration, sex ratio,

4-10



EM 1110-2-1204
10 Jul 89

Figure 4-5. Nesting sea turtle

and hatchling energence of turtles may be influenced by sand tenperature

(M osovsky 1980, 1982; Stoneburner and Richardson 1981). Stable nest tenpera-
ture is a prerequisite for normal devel opment of green and |oggerhead turtles
(Sella 1981, Celdiay et al. 1981). Lower anbient sand tenperature increases

i ncubation tinme (Harrison 1952, Hendrickson 1958, M osovsky 1982). Tenpera-
ture is also an inportant determnant of hatchling sex ratios (Mrreale et al.
1982). I ncubation tenperatures above 30" C result in nore fenales hatchling,
whereas bel ow 30" C nore males hatch (Yntenma and M osovsky 1982). Morreale

et al. (1982) also report that warnmer tenperatures inhibit emergence of
hatchlings fromthe nest, presumably due to hatchlings cueing on cool er night-
time tenperature6 for synchronization of nocturnal emergence.

(d) Sand npisture content may be affected by grain size, grain shape,
pore space, conpaction, density, and other factors. Misture content can in
turn affect hatching success of sea turtles (Ackerman 1977, Mortimer 1981).
Too much noi sture may decrease gas diffusion to the nest because of water-
logging of the sand (Ackerman 1977), while too little noisture nmay cause
hi gher nest tenperatures and egg desiccation (Mrtimer 1981).

f. Recr eat i onal Consi der ati ons.

(1) Beach restoration and nourishment usually produce tangible recrea-
tion benefits by increasing the dry beach area. In general, the dry beach
area deternmines the potential carrying capacity of the beach. A though there
is no current formally established standard in the United States, EM 1110-1-
400 recomends 50 square feet (4.6 square neters) of dry beach and 30 square
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feet (2.8 square neters) of swimmng area per bather as peak carrying capacity
for optinmal beach usage benefits (Figure 4-6). However, in resort area6 with
many visitor6 and linmted beaches, densities may be much higher.

WH i
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i

Figure 4-6. Recreational use of Delray Beach, Florida

(2) To the coastal engineer the dry beach is the "backshore" which con-

sists of the "natural bernmf and "storm berm" Increasing the width of the
berm region is an inportant design criterion in beach restoration projects.
Criteria for specifying berm width depend on several factors. If the purpose
of the fill is to restore an eroded beach to protect backshore inprovenents

from major storm danage, the width of the berm nay be determined as the pro-
tective width of historical record which has been | ost during storns plus the
mnimm required to prevent wave action from reaching inprovements. \Were the
beach is used for recreation, the optinum width of the beach may be influenced
by the recreational use. Estimated beach use is generally based on the pro-
spective change6 in popul ation of the area6 considered tributary to the beach
and the beach-carrying capacity and availability of alternative sites. Fed-
eral participation in beach erosion control projects is limted to a part of
the construction costs for restoration and protection of beach fills, based on
public ownership and use of the shore frontage. For these projects, other
recreation devel opnents are entirely non-Federal responsibilities except on
Federally owned shore6 (ER 1165-2-130).

g. Aesthetic  Considerations.

(1) The alignment of a nourished beach segnent generally parallel6 the
existing shoreline but is offset seaward by the width of the fill. The
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nouri shed segnent can be thought of as a subtle headl and that protrudes from
the existing coast. Transition from the fill to the existing shoreline can be
acconmplished either by constructing 'hard structures, such as groins and jet-
ties, or by filling transition zones between the termnal ends of the beach
fill and the unrestored beach. The use of containnent structures often pro-
duces an abrupt transition at the limts of the project, and the structures
t hensel ves detract from the natural appearance of the beach. Wen transition

fill is used in lieu of structural containnment, the nourished beach is grad-
ually merged with the natural shore and visual inpacts are |essened or may be
absent altogether. The orientation of the transition shoreline will differ

from the natural shoreline alignment; however, for engineering reasons this
difference is wusually quite small.

(2) Locating borrow material that is visually conpatible with the
natural beach is often inpractical and ha6 generally not proven to be a neces-
sary practice from the standpoint of aesthetics. Borrow sedinents containing
organic naterial or large amounts of the finer sand fraction have been used as
beach fill since natural sorting and wi nnowi ng processes clean the fill mate-
rial. This fact ha6 been confirmed with fills containing fine sedinments at
Anaheim Bay and Inperial Beach, California, and Palm Beach, Florida. Also
fill material darkened by organic material (Surfside and Sunset Beach,
California) have been bleached quickly by the sun to achieve a nore natural
beach color. However, coastal engineers attenpt to locate borrow naterials
that are texturally conpatible with the natural beach. Textural properties of
native sand are selected for the conparison because their distribution
reflects a state of dynamic equilibrium between sedinments and processes wthin
the system This process frequently leads to the selection of visually com
patible borrow material (US Arny Engineer Waterway6 FExperiment Station 1984).

h. CQultural Consi derations. As a shore protection nmeasure, beach
restoration wll potentially protect onsite cultural resources. However,
impacts on cultural site6 associated with increased beach use and the inpact
of beach induced recreational or commercial developnent should be eval uated,
In addition, when beach restoration is confined by "hard" structures, the
i npact of these structures on erosion rates in adjacent areas and possible
erosion of cultural resources should be considered.

i. Environnental  Summary.
(1) Environnental design.

(a) Equipnent. A suction dredge with a cutterhead is |ess desirable
than a dredge without a cutterhead for extracting beach nourishment naterial
in the vicinity of live coral reefs or other light sensitive resources
(Courtenay et al. 1975, Maragos et al. 1977). The suction dredge wthout a
cutterhead is generally desirable because siltation is ninimzed and there is
less potential for physical damage to the reef. To prevent sand conpaction,
wi de-tracked vehicl e6 should be used for noving equi pnent and beach nouri sh-
nent material on the beach.
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(b) Borrow material. The conposition of sedinent at the borrow sites
should closely match that of the natural beach sedinents (Thonpson 1973
Parr et al. 1978, Pearson and Riggs 1981) and should be low in pollutants
silts, and clays. Mninum damage to the beach animals will occur when clean
sand is placed on a sandy substratum The damage may be great to the beach
fauna if fine organic-rich sedinents are used. In addition, fine sands exhibit
greater density and thus greater potential for compaction. The vertica
mgration of infaunal animls my be inhibited when the particle size and
conmposi tion of borrowed material differ fromthe original beach sediments
(Maurer et al. 1978). To mnimze siltation and consequently potential anoxic
conditions follow ng beach nourishnment, the percentage of fine-grained sedi-
ments (smaller than 125 mcroneters) should be kept to a mnimumin the borrow
material (Parr et al. 1978). Silt, which may be highly detrinmental to corals
and ot her beach and of fshore benthic invertebrates, will be readily noved off-
shore if present in the material. Sedinmentation can result in the reduction of
species diversity. If a key specie (i.e., coral, seagrass, etc.) is affected
adversely, the entire animal conmmunity of the area may be altered. Silt
curtains may be used for containing silty sedinments during construction.
Silt curtains are not however, recomended for use in open water or in currents
exceeding 1 knot. They are not effective for use in areas exposed to high w nds
or breaking waves or for preventing long-termelevated turbidity when silt is
present in the material.

(c) Material placenent. Nourishnent material placed wthin the upper
beach and the nearshore zone (intertidal) is best froman environnental stand-
poi nt. Organisnms adapted to unstable nearshore bottom conditions tend to sur-
vive perturbations better than those in nore stable offshore environments
(Thonpson 1973, Qiver and Slattery 1976). Burial of offshore benthic aninals
by nourishment material has a greater potential for adverse inpacts because the
subtidal organisns are nore sensitive to perturbation than those in the
intertidal and upper beach zone (Nagvi and Pullen 1982). In addition, by
placing material into the intertidal portion of the beach, two benefits can be
achieved. First, the maxi numanount of existing beach is preserved. Second,
the material is sorted and reworked by wave action, which reduces conpaction.

(d) Time of placement. Mbst studies indicate that the optimal time for
beach nourishment from a biological standpoint is during the w nter (Salonman
1974, diver and Slattery 1976, Reilly and Bellis 1978, US Arny Corps of Engi-
neers 1979). Wnter is typically the period of |owest biological activity.
The spawni ng season for nost nearshore and beach fauna occurs between the
spr|ng and Pal During winter adults have usually mgrated out of the near-
shore area and woul d be |ess concentrated in the shal low beach zone. Al ong
nmost coasts, winter also has the nost severe wave clinmate. This season makes
it difficult to operate dredging equipment. It also may result ininitia
movenment of large quantities of material offshore fromthe severe wave
condi tions.

(2) Environmental considerations. Though beach nourishnent may be one of
the nost environnental |y desirable and cost-effective shore protection
alternatives, it is not wthout environmental consequences.
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(a) Short-term inpacts. During construction, the placenent of
equi prent such as dredge anchors and pipelines can damage nearshore
habitats and onshore earth-moving equi pment can danage coasta
vegetation. The dredging of material fromthe borrow area may cause
locally elevated turbidity levels and increased sedinmentation. However,
few turbidity and sedinmentation problens have ever been docunented at the
dredge cutterhead. Turbidity may inpact notile aninmals while
sedi mentation can produce snothering of benthic fauna. The process of
placing material on the beach will inpact beach fauna. For a period
following material placement, nearshore turbidity will be el evated because
of the resuspension of fine sedinents in the borrow material. The
magni tude and duration of these inpacts can be mininized through equi pnent
sel ection, borrow material selection, the timng of construction
pl acement methods, and the use of dewatering, sedinmentation or desilting
basi ns.

(b) Long-term inpacts. In general, beach restoration produces
long-termrecreational benefits and is sel dom associated with |ong-term
negative ecological inpacts. Wthin a period of nonths, nourished beaches
often visually and ecol ogi cally resenbl e undi sturbed beaches. Potentia
long-terminpacts are usually associated with sensitive habitats such as
coral reefs and sea turtle nesting beaches. Under these circunstances
speci al provision should be incorporated into the nourishment project to
protect these resources. Many eroding shorelines do not provide
sufficient surface area for nesting sea turtles. Restored beaches can
provi de additional nesting surface. Restored beaches require periodic
repl enishment.  Therefore, inpact assessnents nust consider that the
short-terminpacts will occur periodically over the life of the project.
If a restored beach is confined by "hard" structures, the inpact of these
structures on the erosion rates in adjacent areas and possible erosion of
cul tural resources should be considered

4-2. Dunes.
a. General

(1) Foredunes are the dunes immediately behind the backshore. They
are valuable, nonrigid shore protection structures created naturally by
the conbined action of sand, w nd, and vegetation, often formng a
continuous protective system

(2) Dune building begins when an obstruction on the beach |owers wnd
velocity causing sand grains to deposit and accumul ate. As the dune
builds, it becomes a major obstacle to the |andward nmovenent of w ndbl own
sand. In this manner, the dune functions to conserve sand in the
proximty to the beach system Foredunes are often created and mai ntai ned
by the action of the beachgrasses, which trap and stabilize sand bl own
from the beach.
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(3) Foredunes may be destroyed by the waves and high-water |evels
associated with severe storns or by beach grass elimnation (induced by
drought, disease, excessive traffic by beach users, or overgrazing), which
thereby permts local "blowouts." Foredune managenent has two
di visions--stabilization and naintenance of naturally occurring dunes, and
the creation and stabilization of protective dunes where they do not
al ready exist.

(4 The creation of new barrier dunes or the rebuilding of damaged or
i nconpl ete foredunes may be done mechanically, by noving sand into place
by truck, bulldozer, or pipeline dredge and grading it to suitable form
or by trapping blow ng sand by means of sand fences or vegetation or a
conbi nation of these, where sand supply and wind pattern permt. The
latter method utilizes natural forces to create dunes in the same way they
develop in nature. It is usually the nost econonical nethod and tends to
di scourage the placenent of dunes in unsuitable |ocations.

b. Beach Grasses For Beach and Dune Stabilization. The nmpst common
sand capture nethod is the use of dune vegetation, primarily beach
grasses. Each coastal region has one or nore beach grasses which are
suitable for use in dune building. The nost frequently used beach grasses
are Anerican beach grass (Ammphila breviligulata) along the m d-and
upper-Atlantic coast and in the Geat Lakes region: Eyropean beach grass
(Amophi la arenaria) along the Pacific Northwest and California coaSts
sea oats (Uniola paniculata) along the south Atlantic and Qulf coasts; and
pani ¢ grasses (Panicumamarun) and (Pani cum amarulun) along the Atlantic
and Qulf coasts. Each of these grasses is easy to grow and plant, and all
are efficient traps for sand. Stems of these plants are usually planted
inearly spring at one-half to one-meter (18- to 36-inch) centers in a
band about 15 meters (50 feet) wide and parallel to the shore. If
plantings are flooded with salt water during the grow ng season, the
planting is usually destroyed. For this reason, a small elevated dune is
often created prior to planting. Current dune construction nethodol ogy is
described by Knutson (1977a-b) and Wodhouse (1978) and is sumarized in
the Shore Protection Minual (US Arny Corps of Engineers 1984).

C.  Oher Herbaceous Vegetation for Beach and Dune Stabilization.
There are a nunber of |esser known plant species that are very effective
in stabilizing beaches and dunes. Sone of these can be obtained
comercially; however, nost propagul es of these species will be from such
sources as donor beaches and sites. Gass species that can be effective
in beach and dune stabilization include dune sandspur (Canchrus
tribul oides), finger grasses (Chloris spp.), seaside paspal um (Paspal um
vagi natunm), coastal Bernuda grass (Cynodon dactylon), dropseeds
(Sporobolus spp.), and others. Herbaceous plant species that can be
effective for dune and beach stabilization include glass-worts (Salicornia
spp.) which occur on all United States coasts, dune and beach norning
glories (Ipormoea spp.), saltwort (Batis maritinma), air potato (Dioscorea
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bulbifera), sea purslanes (Sesuvium spp.), pepper grass (Lepidum
L rgini , lead plants (Amorpha spp.), water pennywort (Hydrocotyle

bonariensis), seaside evening prinroses (Qenothera spp.), false mallows
(Sida spp.), common night shade (Sol anum anericanun), sea oxeye (Borrichia

frutescens), dog fennel (Eupatoriumcapillifoliunm, camphor weed
(Heterotheca subaxillaris), and a nunber of others. Detailed information
concerning these plants and their propagation can be obtained in Landin
(1978), Coastal Zone Resources Division (1978), US Arny Engi neer \aterways
Experinment Station (1978), and EM 1110-2-5026.

d. Wody Vegetation for Beach and Dune Stabilization.

(1)  In addition to salt meadow cordgrass (Spartina  patens) and ot her
grasses and herbaceous plant species that can be used to stabilize beaches
and dunes, there are a nunber of woody plant species that also can be used
for this purpose. Stabilization can be achieved in tropical and
sem tropical areas where native woody species such as mangroves grow into

the water. Mangroves hel p break up wave action on shorellnes, ile at
the same time they trap sediment and speed up devel opment of fast |and
along the shore. In the tropics, especially on |ow coral islands

vul nerable to erosion, are found several genera of strand trees and shrubs
that can be of value in stabilizing beaches. These include species in the
genera Messerschmdia, Casuarina, Scaevula, and Terminalia.

(2) Inintertidal freshwater areas such as those found far inland in
t he Chesapeake Bay and in rivers such as the James, the Cape Fear, and the
Col unbi a, woody vegetation that woul d be useful in shoreline and |evee
stabilization include a nunber of wllows (Salix spp), alders (A nus
spp.), cotton-woods (Populus spp.), and such large trees as Anerican
sycanore (Platenus occidentalis) and willow oak (Quercus phellos). Black
willow (Salix nigra) and sandbar willow (Salix interior) are pioneer
speci es on beaches and dredged material deposits in freshwater/intertida
areas, and both can easily be planted on such sites to aid in
stabilization. Plantings can be in the form of individual cuttings,
wattling, matting, or willow fencing and can also be coupled wth erosion
control structures such as riprap or sandbags. Additional information on
t hese techniques and plant species are available in EM 1110-2-5026, and in
Allen and Klimas (1986), US Arny Engineer Waterways Experinment Station
(1986), and Schiechtl (1980).

(3) Inintertidal saltwater areas such as those found in the
Intra-coastal \Waterway and along barrier islands and shorelines, the
primary tree species that can be used for stabilization in North Arerica
are mangroves. It should be noted that nangrove species are not
winter-hardy north of central Florida and south Texas. |n those
tenperature zones, mangroves wll establish naturally if wave conditions
are suitable. In many cases where plant establishment is inportant to
shoreline stabilization, such as on the fringes of dredged materia
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i sl ands, mangrove establishment takes place by a unique planting method.
First, snooth cordgrass (Spartina alterniflora) is planted in the
intertidal zones, and mangrove propagul es (seed pods) are planted between
the Spartina sprigs. The Spartina is used to provide initia

stabilization and to provide a protective substrate for the mangrove
seedlings while they establish root systens. Eventually, the young
mangroves overtop the Spartina, and the shade fromthe mangrove trees
kill's the Spartina. The prinmary mangrove used in this process is black
mangrove (Avicennia germnans), since it is the mangrove usually found

m xed with natural stands of Spartina in Florida and other tropica

areas. \Wite mangrove (Laguncularia racempsa) is the other mangrove which
often grows in early successional stages with black mangrove. Red
mangrove (Rhizophora mangle) is the climax in many areas and grows further
out into the water than the other two species. Thus, for nmany years it
was thought that red mangrove was the pioneer species until studies showed
that black and white mangroves were actually the pioneers, followed by red
mangroves (Lewis and Lewis 1978).

(4) Three other woody species which have been introduced to North
Anerica that will tolerate semflooded conditions and that will provide
shore-line stabilization are the punk tree (Melaleuca quinquenervia),
tuart tree (Eucal yptus gonphocephalus), and Chinese tallow tree (Sapium
sebiferum. However, it nust be enphasized that these three species can
very easily proliferate on their own and will quickly become pest
species. Punk tree is a major problemin south Florida where it was
introduced for shoreline stabilization in freshwater areas. It has spread
on its own and has invaded the Everglades where it is displacing native
species. These species are not recommended for Corps sites

(5) There are a number of woody species that are common to coasta
shorelines of North Anerica that tolerate salt spray but do not tolerate
saltwater conditions. They grow well fromthe nean high tide line up to
dune or beach crests and establish well on beach slopes. Any of these
species can be planted to hasten maritine forest devel opnent al ong
beaches, but none can be relied upon to stop erosion in the intertida
zone. These plants, listed below in no particular order of inportance or
ability to colonize shorelines, are:

(a) Pinus nmaritima (maritine pine).

(b) Scaevola plumeri (scaevola).

(c) Tamarix aphylla (athel tanrisk).

(d) Tamarix gallica (French tanrisk).

(e) Schinus terebinthifolius (Brazilian pepper tree).
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(f) Baccharis halimfolia (groundsel tree).

(g) Juniperus silicicola (Florida red cedar).

(h) Casurina equisetifolia (Australian pine).
(i) Sabel palnetto (cabbage palm.

(j) Mrica cerifera (wax nyrtle)

(k) Atriplex arenaria (orach).

(I) Kostelelzkya virginica (salt marsh nallow).

(m Eorestiera segregata (Florida privet).
(n) Conocarpus erectus (buttonwood).

() Mricanthes fragrans(nakewood).

(p) Psidium guajava (guava).

(6) Al of these species can be propagated readily, and in many
cases, plants are available fromnursery sources such as conmercia
busi nesses and US Departnent of Agriculture Soil Conservation Plant
Material Centers. Al of themshould be transplanted as small trees or
seedlings onto the site requiring stabilization rather than trying to use
seeds for propagation (Landin 1978, US Arny Engi neer Waterways Experinent
Station 1978, EM 1110-2-5026).

(7)  The use of marsh or woody vegetation to stabilize shorelines and
levees in lieu of or in conjunction wth engineering features such as
riprap can reduce costs of stabilization and will generally enhance the
aesthetics of the eroding area. |In areas where clean beaches are the
desired result of the shoreline project, however, vegetation will not be
readily accepted by users. Aso, very heavy use of beach areas by
recreationalists will retard or destroy any planted vegetation used for
beach or dune stabilization, and such areas may have to be fenced or
posted off-limts until plants are well established (EM 1110-2-5026).

e. Role in Shore Protection. Dune systens have two primary functions
in shore processes. First, they act as a |evee to prevent the inland
penetration of waves and storm surges during sone storm events. Second,
they provide a reservoir of sand to nourish eroding beaches during storns.

(1) Overtopping. Assuming that the foredunes are not washed away,
they prevent stormwaters fromflooding low interior areas (Figure 4-7)
Large reductions in water overtopping are affected by small increases in
the elevation of the foredune crest. For exanple, it has been estinated
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that a |-meter (3-foot)-high dune on Padre Island, Texas, would prevent
overtopping fromwater |evels acconpanying storns with an expected
recurrence interval of five years (US Arny Engi neer Wterways Experinent
Station 1984).

(2) Sand reservoir.

() During storm erosion of the beach generally occurs and the
shoreline recedes. 1In a sense, the dynam c response of a beach under
stormattack is a sacrifice of sone beach width to provide material for an
of fshore bar (Figure 4-8). This bar reduces the shoreline erosion. Dunes
can reduce the amount of beach | oss occurring during a particular storm
event by contributing sand to the upper beach and offshore bar system

(b) Recent investigations have estimted the volumes of sand eroded
from beaches during storns. Losses fromerosion during single storms on
the shore of Lake M chigan, on Jones Beach, New York (Everts 1973), and on
Mistang |sland, Texas (Davis 1972), have been estimated to be as high as
14,000, 17,000, and 31,000 cubic neters per kilonmeter (29,000, 35,000, and
65,000 cubic yards per mle), respectively. These volunes are probably
repesentative of tenporary stormlosses because much of the eroded sand
usual ly is returned to the beach by wave action soon after the storm
Bi rkemeir (1979) studied poststorm changes on Long Beach Island, New
Jersey. He found that about one half of the sand that eroded fromthe
beach during the stormwas returned to the beach within two days. Vol umes
of sedinment equivalent to those eroded during the stormwere trapped and
stored by natural processes in foredunes adjacent to the beach at severa
| ocations. Foredunes constructed on Cape Cod, Massachusetts (Knutson
1980), QCcracoke Island, North Carolina (Wodhouse, Seneca, and Broome
1976), and Padre Island, Texas (Dahl et al. 1975), contained 60,000,
80,000, and 120,000 cubic meters of sand per kilometer 135,000, 185,000,
and 275,000 cubic yards per mle) of beach, respectively.

f.  Physical Consideration
(1) Shore erosion.

(d On an eroding coast, a stabilized dune will slow but not prevent
erosion. Dunes can serve effectively as barriers to high-energy surf, but
eventual ly stormwaves wi |l undermne or overtop the dunes with a
subsequent net |oss of sedinent fromthe original dune. The |ife span of
a particular foredune line is a function of the rate of shoreline erosion,
dune height, and width. Large, well-devel oped dunes conmonly withstand
nmoderate storns and often relatively severe ones. But where beach erosion
is rapid, artificial stabilization will result in dunes of limted size
and short life span. Stabilization of dunes on such a coast will provide
only tenporary protection to backdune structures or facilities.
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Figure 4-7. Dunes under wave attack, Cape Cod, Massachusetts (courtesy of
Stephen P. Leat herman)

Figure 4-8. Dunes erosion during severe storm Cape Cod, Massachusetts
(courtesy of Stephen P. Leathermnan)
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(b) The inpact of dunes on beach processes has been reviewed in
detail by Leatherman (1979a-a). Leatherman concluded that much of the
material removed fromthe dune and beach reforns as one or more nearshore
bars. Wave reflection off the nearshore bars causes dimnution of the
incident waves and eventually reduces dune erosion. Seaward devel opnent
of nearshore bars during high-wave stormevents result in a dissipative
surf zone (Figure 4-9) with shoreward decay of incident waves (Wight et
al. 1979). The nearshore bar exhibits a cyclic behavior. During
fair-weather conditions, the bar mgrates |andward and after several weeks
my nerge with the foreshore. Additional information on the process of
onshore bar nmigration after a stormevent due to decreasimg wave power is
provided by Short (1979). It should also be noted that major storms and
hi gh waves tend to flatten the foreshore profile rather than steepen it.

(c) Erosion of dunes by storns is a natural occurrence. This
material provides a source of sand for the beach. As offshore sedinments
return to the foreshore to reestablish the original beach profile, onshore
winds return sedinent to the eroded dune. Wiether or not the dunes revert
to their former size depends on the local sand budget. [|f nore sedinent
is leaving a local coastal zone than entering it, dunes will exhibit
continual erosion. Were dunes are breached or underm ned, dunes will
reestablish naturally but usually |andward of the original dune line
Sea-level rise may also cause dune erosion. |f an adequate supply of
sediment is available, the dune may migrate |andward with the shoreline
(Bruun 1983).

(d) H gh dunes, natural or artificial, reduce foreshore erosion
during storms because much of the dunes and is transported seaward,
ultimately to an outer bar and thereby further dissipating wave enerqgy.
Thi s process does not appear to effect |ong-termerosional or depositiona
trends on the shoreline. Rather, stable dunes buffer rapid changes in the
beach associated with the severe storm events.

(2) Barrier island mgration.
() Barrier islands are elongated islands that nostly parallel the

mai nl and shores of the Gulf of Mexico and Atlantic coasts. The coasta
plain and continental shelf adjoining barrier islands are broad and gently

sloping. In response to sea-level rise the coastal plain is being
subnmerged. If barrier islands were to occupy a fixed position on the
continental shelf, they eventually would be subnerged by sea rise. It has

been postul ated that barrier islands mgrate |andward up the continenta
shel f maintaining a relatively constant elevation with respect to
sea-level rise. Retreat of the seaward shore is acconplished by shore
erosion, while the | andward shore is extended by sediments transported
between and around the island by tidal inlets and sediment transported
over the islands by overwash and wind.
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Figure 4-9. Dissipative surf conditions during Storm Quter Banks, North
Carol i na

(b) Considering that the objective of nost dune stabilization
projects is to reduce the frequency of overwash and flooding, barrier
island mgration is an issue that should be addressed on a case-by-case
basi s. Though overwash processes have been shown to dominate some narrow
barrier islands, nost barrier islands appear to be too wide to nmigrate as
a result of overwash. For exanple, the North Carolina barrier islands
have narrowed, not mgrated, over the past 130 years (Everts et al.
1983). Beach sands carried by overwash rarely reach the |agoonal side of
nost barrier islands, though after the barrier island narrows to a
critical wdth, ovewash events may contribute to |andward mgration
Leat herman (1976) determined the critical maximumw dth for overwash based
on an effective transport nechani smon Assateague |sland, Maryland, to be
between 100 and 200 neters (300 to 600 feet).

(c) The inpact of small, localized dune-stabilization projects on
barrier migration does not warrant extensive discussion. The beach grass
pl anting techni ques used to encourage dune growth mmc the natural dune
bui I ding processes that are at work on all barrier systens. Typically,
these techniques are used only when there is a need to protect existing
man-made structures. Where such devel opnent exists, the absence of stable
dune systems can often be attributed to human activities.

(d) The issue of barrier migration, however, may be raised when
dune--stabilization efforts are enployed to restabilize areas damaged by
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storm events. In this case, it should be recognized that the project, if
successful, will accelerate dune establishment and will for a period of
tine reduce the frequency of overwash. The influence of this reduction in
overwash, if any, on barrier island mgration often will depend upon the
type of barrier being stabilized. Upon relatively broad barriers, where
the likelihood of an overwash traversing the entire barrier is renote,

dune stabilization will have little inpact on barrier mgration. As noted
earlier, nost United States barriers are too broad for overwash to
significantly effect their mgration. On narrow, eroding barriers,
overwash frequently will be critical to mgration processes.

. Water Quality Considerations. Dune sedinents are conposed of fine
to coarse sands. Mst coastal dune sedinents are indirectly derived from
reworked fluvial (river) and/or glacial material. Typically, dunes are
nutrient poor and |ack an organic conponent. Consequently, rainfall
rapidly infiltrates the sedinent, permtting little evaporation or surface
runoff. Dune sands are a reservoir of fresh water and an aquifer for
donestic water supply. Dune stabilization, by increasing the frequency
and extent of dunes, can only enhance this resource

h. Inpacts of Human-Built Dunes.

(1) Dune vegetation. Human efforts to stabilize coastal dunes
usual Iy entail planting aggressive, perennial beach grasses in
nmonospeci fic stands. These planted species remain donminant on the dune
for many years after planting. Dahl and Goen (1977) found that when a
dune forns naturally with the pioneering plants available to the area,
some species remain from previous successional stages and a natura
conponent of the mature dune plant comunity. However, planting of beach
grasses bypasses sone of the pioneering successional stages, resulting in
rapid plant growth and dune devel opnent but in |ess plant diversity on the
mature, planted dune. This lack of plant diversity is typically an
unavoi dabl e result of human-built dunes. Plant diversity is associated
with slow and protracted dune devel opnent, which is contrary to the
obj ectives of nmost dune stabilization projects. Cowan (1975) and others
have conducted experinments on stabilizing dunes using a greater diversity
of native species. However, because these native species are not
comercially available and often require specialized treatnent, such as
hydromul ching and irrigation, attenpts to stabilize dunes in this manner
are very costly.

(2) Secondary dune vegetation inpacts.

(a) Some investigators have cautioned, based upon experinents
conducted on the Quter banks of North Carolina, that dune stabilization
projects may adversely inpact coastal plant communities (Dolan, Godfrey,
and Odum 1983, Codfrey and CGodfrey 1973). They observed that high
continuous dunes form an effective barrier to stormwaves, reducing the

4-24



EM 1110-2-1204
10 Jul 89

amount of salt spray and preventing overwash. This protection of the
secondary dune area can encourage the invasion and growh of shrub
communities. At Cape Hatteras, North Carolina, continuous inpenetrable
thickets 3 to 5 meters (10 to 20 feet) high have formed in the |ee of
protective dunes. The National Park Service has resorted to controlled
burnings to counter these changes. The excessive devel opment of shrub
comunities in association with dunes is not an ecol ogi cal issue in New
Engl and (Zarenba and Leat herman 1984) and has not been reported to be a
problem in other regions. The shrubs do provide sone benefit by providing
storm erosion protection and wildlife habitat.

(b) The vegetative changes associated with artificial devel opnent of
dunes are often considered ecol ogically beneficial. For exanple,
plantings were nmade on Padre Island, Texas, follow ng Hurricanes Carla and
Beulah in 1967. Mich of the island was unvegetated, hurricane-planed
backshore and barren, mgrating dunes. By 1976 the island' s soil adjacent
to the planted dunes was neasurably less arid than other portions of this
south Texas island (Figure 4-10). The nesic (moist) mcroclinmate bayward
of the planted dunes is believed to be due to the damm ng effect provided
by the resultant dunes. These dunes retain rainwater in the md-dune
area, providing a nore favorable habitat.

(¢c) The devel opment of new dunes by planting or other means wl |
change the mcroclimte of areas adjacent to the devel oping dunes.
Wiet her or not these changes are viewed as ecol ogically positive or
negative wll depend upon the |ocal inportance and abundance of the
habitats which are to be nodified. Areas that are frequently stressed, by
ovewash for exanple, either lack vegetation or are colonized by a limted
nunber of grasses and forbs. Devel oping dunes provide a neasure of
stability to adjacent areas, reducing flooding and salt spray. This
stability makes the environnment suitable for a greater diversity of plant
species. If stable for a sufficient length of tine (10 to 50 years),
shrubs will invade and |ater dom nate the plant comunity (Dol an, Godfrey,
and Qdum 1973, Zarenba and Leatherman 1984). [If stability continues,
mature forests can develop in 50 to 100 years.

(d) The shrub and forest communities represent an inproved habitat
for terrestrial animals and many bird species, principally song birds,
though herons and egrets also use coastal shrubs for nesting. Conversely,
bare sand and grass areas on the coast are the primary nesting sites for
many col onial nesting birds, particularly gulls and terns.

(3) Back barrier salt marsh inpacts
(a) The coastal salt marshes of the United States are considered to
be a mgjor environmental resource. They are inportant contributors to the

primary production of the coastal zone and are essential nursery grounds
for sport and commercial fishery species. Sone researchers contend that
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Figure 4-10. Vegetation landward (left on photo) of art|f|0|ally
stabilized dune, Padre Island, Texas (courtesy of Bill E

Dahl )

dune stabilization can inpede the devel opnent of salt narshes on the back
side of barrier islands (CGodfrey and Godfrey 1973). This contention is
related to sediment overwash providing substrate for the devel oprment
extension of the marsh into the bay or sound. If overwash does not occur,
the marshes slowy erode

(b) Salt marshes are intertidal plant comunities found on the
Atlantic and Qulf coasts and, to a |lesser extent, on the Pacific coast.
Two processes are of particular inportance in creating shallow, nmnarine
environnents in which marshes may establish: flooding due to sea-leve
rise and/or subsidence of |and, and sedinent deposition. Salt narshes are
often associated with deltas. The Mssissippi River deltais a
spectacul ar exanple of the constructive inpact of sedinent deposition on
marsh developnent. This delta systemrepresents nearly half of our
nation's coastal marshes. Deltas also are responsible for the devel opnent
of the majority of Pacific coast marshes.

(¢c) On much of the Gulf and Atlantic coasts, however, deposition of
barrier island sedinent is inportant to marsh devel opnent. Active and
remmant flood-tidal deltas behind these barriers are commonly the focus of
mar sh devel opment (Godfrey and Godfrey 1973) as shown in Figure 4-11. On
sone barriers, marshes are altogether absent except where there is
evidence of inlet activity (Leatherman and Joneja 1980). Overwash nay
have either a negative or positive inpact on narshes. \Wen stable narshes
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are present landward of the barrier, overwash events nay destroy the narsh
through burial or change its ecological character by raising its el evation
(Zarenba and Leat hernman 1984). (onversely, overwash nay w den a narrow
erodi ng narsh or nay encourage the growth of new narshes on barren areas
by creating a broad, gradually sloping, intertidal plain (Gdfrey and
Godfrey 1974).

(d) To fully evaluate the potential inpact of a particul ar dune
stabilization project on narsh devel opnent, two factors nust be
considered. Frst, back-barrier narshes wll only be inpacted when the
entire wdth of the barrier is traversed by overwash or the entire barrier
is breached by an epheneral inlet. Therefore, narsh inpacts wll be a
concern only where events of this nagnitude can be reasonably expected to
occur wthin the anticipated life of the project. Second, the current
condition of the narshes |andward of the barrier shoul d be eval uated. The
i npact on narsh devel opnent wll be a project issue if barren shore or
erodi ng narshes are present in the back—barrier area.

Fogure 4-11. Salt narshes |andward of barrier island system Mirrells
Inlet, South Garolina

i. Recreational (onsiderations.

(1) Ingeneral, coastal dunes have a positive inpact on recreational
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use of the shore. Dunes enhance beach recreational experience by
providing shelter fromthe wnd and screening structures and facilities
fromthe beach view However, sonetines hi gh dunes can obstruct the
desirabl e view of the beach for people using inland facilities.

(2) Recreational use of dunes, however, can seriously inpact dune
stability. Pedestrian traffic to and fromthe beach often damages or
destroys vegetation al ong frequently used paths. Knutson (1980) observed
a dune crossover path on a devel opi ng dune over a five-year period.

A though the dunes adjacent to the path increased in el evation by nore
than one neter (3 feet), the el evation of the path remai ned constant.

Dune areas in whi ch vegetation has been di sturbed nay deflate rapidly.
Held surveys on Assateague |sland, Mryland, docunented pathway deflation
rates of nore than one-half neter (2 feet) per year (Leathernan 1979b).
These weakened areas of the dune systemare the first areas to be
overwashed during severe storns. Beach dune wal k-over structures can be

pl aced to |l essen the Inpact of pedestrian traffic (Goastal Engi neering
Research Genter 1981).

(3) df-road vehicle ((RY) traffic can al so severely i npact
devel opi ng dunes. The effect of CRV activity on Anmerican beach grass on
Cape od showed that low levels of activity (less than 175 passes) were
sufficient to cause nmaxi numdanage to plants (Brodhead and Godfrey 1979).
Fewer than 50 passes were shown to preclude seaward grow h and devel opnent
of the foredune systemin sone cases.

(4) Sand fences are often used to lessen the inpact of foot traffic
on the dune. Fences can be used to confine and direct traffic to
desi gnat ed crossover areas. These crossovers can be rel ocat ed
periodically and i npact areas can be replanted wth beach grass. If (RV
traffic is present, wooden ranps shoul d be built over dune |ines.
Mai nt enance and repai r nust be a continuing effort in these situations.

J. Aesthetic onsiderations.

(1) There are several features of hunan-built dunes whi ch nake t hem
visually different fromnatural dunes, at |east during the early stages of
dune devel opnent. Natural dunes are forned by a series of chance events.
They begin as snal | individual hummocks, usual |y of assorted shapes and
si zes. The hummocks nmay coal esce over tine, and the resultant dune wl|
be irregular in elevation and inits location wth respect to the shore.
Regardl ess of stabilization procedure, human-built dunes tend to be |inear
(FHgure 4-12). Dunes can be designed wth a zigzag or other patterns, but
for practical and economical reasons they usually are not. Hrst,
straight dunes require the least effort and naterials to construct.
Second, if anirregular pattern were used on an erodi ng shoreline, the
portion of the dune closest to the shore would be the first area to
erode. The flood protection provided by a dune systemis l[imted to the
protection provided by the weakest portion of the system The sane |ine
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of thinking can be used to discourage the use of an irregul ar dune crest
el evation. Because of these considerations, hunan-built dunes typically
w il be nore regul ar in appearance and nore continuous than natural dunes.

(2) The human-built dunes can be nade to conformto natural dune
contours in other respects. The sel ection of stabilization techni que nay
i nfluence the final shape of the dune. Knutson (1980) observed in Cape
God experinents that planted dunes produced | oner and w der dunes than
fence-built dunes. In North Carolina, researchers found that decreasi ng
pl ant spaci ng bot h | andward and seaward fromthe dune crest increased dune
w dth and reduced the seaward sl ope of the dune fromabout one on ten to
one on twenty (Savage and Véodhouse 1968).

FHgure 4-12. Linear shaped, planted dune system Qiter Banks, North
Garolina (courtesy of R P. Savage)

k. Qiltural Qonsiderations. As a shore protection neasure, dune
stabilization wll often protect onsite cultural resources. However, if
dunes are created by nechani cal nethods, potential exists for onsite
equi prent and traffic danage to cultural resources. Because of the
dynamc nature of beach and dune systens (cyclical erosion and
deposition), cultural resources are not a conmon feature in dune
stabilization project areas.

. BEwironnental Sunmary.

(1) BEwironnental design. Wen beach grasses are used to create and
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stabilize coastal dunes, hunman-built dunes can be devel oped whi ch are
aesthetically and biologically simlar to natural dunes. Dune sl ope,
alignnent, and plant diversity can be controlled through the sel ection of
an appropriate planting design. In nost cases, the planted dune wll have
a greater diversity of both plants and aninal s than the unstabl e sand
envi ronnent whi ch preceded it. The use of construction equi pnent to build
dunes wll generally increase potentia for environmental inpacts.

Vehi cul ar traffic can danage or destroy coastal vegetation. Gontrolling
equi pnent traffic patterns, constructing sand fences and wal kovers, and
repl anti ng danaged areas can mtigate these inpacts.

(2) Additional environnental considerations.

(a) Short-terminpacts. During construction, coastal plant
communi ties can be di sturbed by equi pnent and hunan traffic.

(b) Long-terminpacts. Svall, l|ocalized dune-stabilization efforts,
particularly the planting of dune vegetation, can usually be considered as
conservati on neasures. Dune-building techniques are only used when there
is aneed to protect existing facilities. Were such devel opnent exi sts,

t he absence of stable dunes can often be attributed to hunan activities,
hence dune building can be a restorative action. Environnental inpacts

are not likely to be a najor consideration even for rel atively extensi ve dune-
stabilization projects in nainl and coastal areas. However, naj or

efforts to build continuous dunes on barrier islands to provide protection
to nmainland areas fromna or storns and hurricanes wll require nore
serious consideration. Projects of this nmagnitude nay potentially alter
the geol ogi cal and ecol ogi cal characteristics of the barrier system

My or dune-stabilization projects along a barrier systemshoul d be
preceded by an investigation of the role that the dunes and the physical
processes nodi fied by dunes play in the overall dynamcs of the system
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GHAPTER 5
HUVAN MACE  STRUCTURES
5-1. Bulkheads., Seawalls, and Revetnents.
a. General.

(1) Were beaches and dunes protect shore devel opnents, additional
protective works nay not be required. However, when natural forces do
create erosion, stormwaves nay overtop the beach and danage backshore
structures. Hunan-nade protective structures nay then be constructed or
rel ocated to provide protection. In general, neasures designed to
stabilize the shore attenpt to either harden the shore to enhance
resi stance to wave action, prevent waves fromreachi ng the shore (or
harbor), prevent waves fromovertopping an area, or attenpt to retard the
| ongshore transport of littoral drift. In this chapter, three types of
hunan- nade shore protection structures wll be di scussed:

(a) Bul kheads, seaval s, and revet nents.
(b) Jetties and breakwat ers.
(c) Goins.

(2) nshore structures, terned bul kheads, seawal |'s, and revet nents,
provi de protection, based on their use and design, for the upper beach
whi ch fronts backshore devel opnent or erodi bl e bl uffs. Shorefront owners
have resorted to shore arnoring by wave-resistant walls of various types
when justified by the economc or aesthetic val ue of the property to be
pr ot ect ed.

b. Rolein Sore Protection.

(1) nshore structures are intended to protect the shore by
reduci ng the rate of change in the shoreline. They slowthe rate of
change by protecting the shore fromwave inpact or by preventing overwash.

(2) Bulkheads and seawal |s are simlar in design wth slightly
differing purposes. Bul kheads are prinarily soil-retaining structures
whi ch are designed to al so resist wave attack (FHgure 5-1). (onversely,
seaval | s are principally structures designed to resist wave attack, but
also may retain sone soil to assist in resisting wave forces. The | and
behi nd seawal s is usually a recent fill area. Bul kheads and seawal | s nay
be built of many naterials including steel, tinber or concrete piling,
gabi ons, or rubbl e-nound struct ures.

(3) For ocean-exposed | ocations vertical bul kheads al one do not
provide a | ong-termsol uti on because of foreshore erosion, toe scour, and
flanki ng. Uhl ess conbined wth other types of protection, the bul khead
nust be enlarged into a nassi ve seawal | capabl e of wthstandi ng the direct
onsl aught of the waves (F gure 5-2). Seawal | s nay have vertical, curved,
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Nant ucket |sland, Massachusetts (1972)
(photo, courtesy of U S. Steel)

A spiash apron may be added Dimensions and detaiis 1o be
next to coping channel to ) determined by particular site
reduce domage due to overtopping conditions

Coping channel\

Timber block

Tide Range
Round timber pile

Timber wale

Oredge bottom ;Steel sheet piles

Toe protection
as required

Figure 5—. Steel sheet pile bul khead
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stepped, or sloping faces. A though seawal | s protect the upland, they
often create a | ocal problem Downward forces of water, produced by waves
striking the wall, can rapidly renove sand fromin front of the wall. A
stone apron is often necessary to prevent excessive scouring and

under m ni ng.

(4 Arevetnent arnors the existing slope face of a dune or
enbanknent. It is usually conposed of one or nore | ayers of quarry stone
or precast concrete arnor units, wth a filter layer overlaying a graded
soil slope (Fgure 5-3). Revetnents are of little benefit if placed at
the toe of a narginally stable slope since they are usually only a
protective arnor and not a retaining structure. Because the sl oping face
of the quarrystone revetnent is a good energy dissipater, revetnents have
a less adverse effect on the beach in front of themthan a snoot h-faced
vertical bul khead.

c. Physical onsiderations. The littoral systemat the site of a
structure is always noving tonward a state of dynamc equilibriumwhere the
ability of waves, currents, and wnds to nove sedinent is natched by the
availabl e supply of littoral nmaterials. Wen there is a deficiency of
naterial noving wthin a system the tendency wll be for erosion at sone
location to supply the required naterial. Qice a structure has been built
along a shoreline, the land behind it wll no | onger be vul nerable to
erosion (assumng proper design of the structure), and the contribution of
littoral naterial to the systemw /|| be di mnished al ong the affected
shoreline. The contribution fornerly nade by the area nust now be
supplied by the adjoining areas. Therefore, though the structure provides
a neasure of stability to a portion of the shoreline, it may indirectly
increase the rate of erosion al ong other reaches of the shoreline (Bellis et al
1975, Carstea et al. 197 5a-b, Georgia Departnent of Natural Resources 1975,
Herbi ch and Schiller 1976, Pallet and Dobbie 1969, US Arny Engineer D strict,
Baltinore 1975, Milvihill et al. 1980). In addition, sone structures such as
bul kheads nay cause i ncreased wave reflection and turbul ence wth a
subsequent |oss of fronting beach. Swoth, vertical structures wll have the
greatest inpact on the beach and nearshore sedi nent | oss.

d. Water Quality (onsiderations.

(1) The inpacts of onshore structures on water quality result fromin-
creased suspended solids during construction and altered circul ation patterns
produced by the structure itself.

(2) Oonstruction of onshore structures nmay require excavation,
backfilling, pile driving, and nateria transport. These activities can
result in increased suspended solid | ocads wthin the adj oi ni ng wat er body
(Boberschmdt et al. 1976, Garstea et al. 197 5a-b and 1976, Environnental
Quality Laboratory, Inc. 1977, US Arny Engineer O strict, Baltinore 1975,
Mrginia Institute of Mirrine Science 1976, Milvihill et al. 1980). The
i ncreased concentration of suspended solids is generally confined to the
imnmedi ate vicinity of the construction activity and dissipated rapidly at the
conpl etion of the operation. Athough these are generally short-term
i npacts, construction
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Gal veston, Texas (1971)
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Chesapeake Bay, Maryland (1972)
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Fi gure 5-3. Quarrystone revet ment
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activities shoul d be designed to mni mze generation of suspended solids,
for exanple, by the use of silt curtains in |owenergy areas. See _
paragraph 4-11(1) (b) for a discussion of the [imtation of silt curtains.

(3 Sructures can influence water quality by altering circulation
patterns. Mdificationin circulation can result 1n changes in the spatial
distribution of water quality constituents, differences in the flushi ng
rates of potential contamnants, and changes in the scour patterns and
deposition of sedinents (Bauer 1975, Carstea et al. 1975a-b, Georgi a
Departnent of Natural Resources 1975, Miulvihill et al. 1980).

Envi ronnent al assessnent of the effects on circulation should initially
enphasi ze fundanental paraneters such as salinity, tenperature, and current
velocity. If mninal changes occur in these paraneters, then it can be
assuned that the chemcal characteristics of the systemw!| not be
significantly nodified. Prediction of changes in circulation and its
effect on the physical paraneters can be achi eved through conparison wth
exi sting projects, physical nodel studies, and nunerical sinulation (see
Appendi x B).

e. ol ogical Gonsiderations. Awde variety of living resources is
present in coastal shore protection project areas and incl udes species of
cormercial, recreational, and aesthetic inportance. Because shore
protection projects exist in arctic, tenperate, and tropical clinates,
bi ol ogical 1npacts wll generally be highly site-specific and depend upon
the nature and setting of the project.

(1) Short-terminpacts. Short-termbiol ogical inpacts are usually
associated wth the actual construction phase of the project. The actual
tine is typically short (neasured in days and weeks) and therefore can be
schedul ed to mnimze negative inpacts. Transportation of material to the
site, preparation and construction using heavy equi pnent, and backfilling
and grading wll cause tenporary air and noi se pollution close to the
site. Nesting, resting, or feeding waterfow, fish, and other wldife nay
be disrupted. Projects should be tined, where possible, to avoid waterfow
and turtle nesting periods and fish spawni ng periods. Gonstruction w |
also tenporarily reduce water quality, generally by suspendi ng sedi nents
and generating turbidity. The environnental inpacts on the benthic
communi ties resulting fromsuspended solids in the water around shore
protection construction are for the nost part mnor. Such inpacts are
particularly true in the surf zone on open coast beaches where rapid
natural changes and di sturbances are nornal and where survival of the
benthic cormunity requires great adaptability. O rapidly erodi ng banks,
construction inpacts on suspended solids nay be mni nal when conpared to
the natural condition. However, sites wth a high percentage of fine
material and in proximty to seagrass beds or coral reefs (habitats
sensitive to turbidity and siltation) wll require special consideration
and usual |y precautions such as silt curtains, where feasible. Tenporary
turbidity wll alsointerfere wth respiration and feeding, particularly of
nonnotil e bottomdwel lers. Mbst notile organisns will avoid or flee the
di sturbed area.
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(2) Long-terminpacts.

(a) Long-termeffects vary considerably dependi ng upon the |ocation, de-
sign, and material used in the structures. Placenent of coastal shore protec-
tion structures requires an initial disturbance of the benthic substrate, but
it results in the formati on of a new substrate conposed of structural nmate-
rial. In many | ocations the placement of these structures provides new habi -
tat not avail abl e otherwi se. The biol ogical productivity of the area to be
di spl aced is also inmportant. The inpact of a vertical steel sheet bul khead
| ocated at mean | ow water in a coastal marsh (highly productive habitat) wll
be considerably different froma rubble-reveted bank in an industrialized
har bor .

(b) Vertical structures in particular may accel erate erosion of the
foreshore and create unsuitable habitat for many bottom species in front of
the structure as the result of increased turbulence and scour fromreflected
wave energy. Bul kheads and revetnents can reduce the area of the intertida
zone and elimnate the inportant beach or marsh habitat between the aquatic
and upl and environment. The result can be a | oss of spawning, nesting, breed-
ing, feeding, and nursery habitat for some species. On the other hand, rubble
toe protection or a riprap revetnent extending down into the water at a slop-
ing angle will help dissipate wave energy and will provide hard-bottom habit at
for many desirabl e species.

f. Recreati onal Considerations. Bul kheads can severely limt recre-
ational use of the shoreline (Brater 1954, Mulvihill et al. 1980). In par-
ticular, they restrict public access to the water (Coastal Plains Center for
Mari ne Devel opment Service 1973, Snow 1973, Mulvihill et al. 1980). Revet-
ments al so hanper public access to the water for water contact activities.
Seawal | s are frequently designed to permt public access and to enhance beach
usage (Figure 5-4). However, where beach erosion persists in the vicinity of
t he above onshore structures, the usable portion of the recreational beach is
usual Iy di m ni shed.

g. Aest hetic Considerations. The transition between |and and water on a
natural shoreline is either gradually sloping, consisting of a beach or marsh,
or is sharply defined by a bank or scarp. Onshore structures are nore simlar
to the latter in that they often represent an abrupt visual change. Bul kheads
and revetnents can sonetines be designed to blend in with the surrounding
shoreline. For exanple, their natural appearance can be enhanced with the use
of vegetation. The use of unusual construction materials such as junk cars,
tires, or recycled construction debris would produce the greatest negative
aesthetic inpacts. Because seawal |l s are frequently |arge concrete structures
and are usually located in densely popul ated areas, particular attention
shoul d be paid to their visual inpact. The design of a structure should be
visually attractive as well as functionally sound.

h. Cul tural Resource Considerations. By reducing erosion rates, onshore

structures will generally preserve onsite cultural resources. However, this
| ocal protection can potentially increase the rate of erosion on adjacent
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shorelines. For this reason, cultural resources in the adjacent inpact area
nmust al so be eval uated and projects designed so that erosion of adjacent areas
i s avoi ded.

i Envi ronnment al Summary.

(1) Environmental design. Table 5-1 summari zed potential design nodifi-
cations that can be nade to revetnents, seawalls, and bul khead projects in
order to inprove their environmental characteristics.

(2) Environmental assessnent.

(a) Short-terminpacts. Construction activities associated with onshore
structures may include excavation, backfilling, and pile driving using both
heavy equi prent and hand | abor. The inpacts of this construction will be
simlar to the inpacts associated with other | and-based construction activi-
ties: vegetation danage, noise and air pollution, visual clutter, and other
tenmporary inpacts. Because this construction takes place on the shoreline,
however, other inpacts not usually associated with | and-based construction
activities are also possible. One of the short-terminpacts of shoreline con-
struction is the increased | evels of suspended sedinents in nearshore waters
whi ch acconpany this disturbance. Suspended sedinents and siltation can im
pact benthic communities and to a | esser extent life fornms in the water col -
um. Because of the local nature and short duration of this inmpact, it wll
be a primary consideration only in projects which are near sensitive habitats
such as coral reefs and seagrass beds.

(b) Long-terminpacts. The primary long-terminpacts of onshore struc-
tures are associated with their effect on shore processes. Though these
structures abate local erosion, they may indirectly accelerate erosion in ad-
jacent shoreline areas. This accelerated erosion will be an inmportant concern
if potentially affected areas contain marsh vegetation, riparian vegetation
or other productive habitats. Wave reflection from exposed onshore structures
may al so produce deepening of the nearshore zone. Such | osses may have recre-
ational inpacts and will alter biological habitats. Direct inmpacts of onshore
structures include displacenent of onsite habitats, nodified public access,
and aesthetic alterations.

5-2. Jetties and Breakwaters.

a. Cener al

(1) The distinction between jetties and breakwaters can be vague in that
these structures are simlar in many aspects of design and materials. They
primarily differ with respect to function. Jetties are structures built at
the nouths of rivers, estuaries, or coastal inlets to stabilize the position
and prevent or reduce shoaling of entrance channels. A secondary function of
a jetty is to protect an entrance channel from severe wave action or cross-
currents, thereby inmproving navigational safety between harbors and deep
water. Also, jetty construction can result in stabilization of the |ocation
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TABLE 5-1
Envi ronmental Design Considerations for Revetnents
Seawal | s, and Bul kheads
Fact or Desi gn Consi deration Envi ronmental Benefit
Locati on Site structure above Allows intertidal zone to

Constructi on
mat eri a

mean hi gh water

Avoi d wetl and sites,
spawni ng beds, shore-
bird and turtle nesting
beaches, bird feeding
and resting areas

Avoi d nearby coral reefs
and seagrass beds

Avoi d archaeol ogi ca
sites

Rubbl e or riprap

Treat ed wood and snoot h
concrete

Steel sheet pile

Arnor stone, |argest
cost-effective

(Conti nued)

remai n

Al l ows shoreline vegetation
to remain

Does not interfere with
littoral drift

Resource conservation
Preservation of historical
i nfformati on and features

Usual | y npst desirabl e,
natural, and durable

Most reef-1ike surface area

Intermediate desirability
and | ess surface area

Least desirable, |east col-
oni zabl e surface

More stabile physica
habi t at

More size diversity of
openi ngs
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TABLE 5-1 (Concl uded)

Fact or

Desi gn

Desi gn_Consi derati on

Envi ronnent al Benefit

Ri prap or stair-step
revetments on a sl ope
of 45 degrees or |ess
when structure is par-
tially submerged

Toe protection on struc-
tures bel ow nmean | ow
wat er

Sl opi ng structures
that are partially
subner ged

Nat ural contours and
| ack of sharp angles

Di ssi pates wave ener gy,
nore habitat for fish and
reef fish

More diverse habitat, reef-
like properties, dissi-
pates wave energy on
bottom

Reduce wave reflection
Less di sturbance of inter-
tidal habitat due to

scour

Less di sturbance of fish
nursery habit at

Aest hetical ly pleasing
Less debris capture

Reduces chance for rip cur-
rent formation
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of an inlet on a barrier beach coastline. In contrast, the primary function
of a breakwater is to protect a harbor, water basin, or shoreline from de-
structive wave forces. Thus, breakwaters provide cal mwaters for safe anchor-
ages, noorings, access points, and a host of other water resource uses. Sone
breakwaters may al so serve to create sedinent traps in the nearshore zone.

(2) There are no truly "typical" designs for jetty or breakwater struc-

tures. The multiplicity of physical, |ogistical, and econom c factors con-
sidered during the planning, design, and construction phases ensure that each
project will be unique. For exanple, the linear dinensions of a jetty struc-
ture will vary greatly fromproject to project, because the seaward extent of

ajetty is determined |largely by the distance offshore required to reach the
desi gn depth of the adjacent channel entrance. Physical factors, inmportant
froman environmental standpoint, include geonorphol ogy of the project site,
bott om t opography, wave climte, sedinment transport rates, and tide and cur-
rent reginmes, anong others.

(3) Selection of construction materials has numerous alternatives, al-
t hough jetties and breakwaters on open coastlines are predom nantly rubbl e-
mound structures. Qther types of materials include vertical wood pile, stee
sheet pile, caissons, sandbags, and, particularly in the Geat Lakes, tinber,
steel, or concrete cribs. Rubble-mound structures consist of underlying |ay-
ers of randomy shaped and placed stones that are overlaid by an arnor (cover)
| ayer of selectively sized stones or prefabricated concrete forns (Fig-
ure 5-5). Lateral toe-to-toe dinensions of rubble-nmound structures, as wel
as the slope angles of their lateral faces, vary anong projects based on de-
sign criteria for site-specific wave climtes.

(4) Jetty or breakwater configurations follow basic patterns, but also
denonstrate considerable variation to adapt to individual project conditions.
Jetties generally extend seaward fromthe shore in a perpendi cul ar fashion
but the actual angles vary fromproject to project. Updrift jetties may
i ncorporate a weir section (subnerged during sone portion of the local tida
cycle) to allow littoral sand novement across the jetty and into a deposition
basin (Figure 5-6). Sand bypassing can then be acconplished by periodic
dredgi ng of the basin. Breakwater configurations are somewhat nore diverse
than those for jetties, reflecting wider functional uses. Breakwaters can be
cat egori zed as either shore-connected or offshore (detached), and as either
fixed or floating. Comonly the | andward portion of a shore-connected break-
water |ies perpendicular to the shoreline, and the seaward extension |lies nore
or less parallel to the shore. Fixed breakwaters are constructed of materials
pl aced on the bottom substrate, whereas floating breakwaters are buoyant
structures held in position by anchors and tethers. Fixed breakwaters may be
emergent or partially or totally subnerged especially in the case of offshore
desi gns.

b. Role in Shore Protection. Jetties and breakwaters are built to serve
“stabilization" and "protection" functions. This fact infers that the
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Fi gure 5-6. Sand bypassing, Murrells Inlet, South Carolina
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environnents in which they are built are characteristically dynam ¢ and noder-
ately to highly energetic.

(1) Jetties.

(a) Jetties are structures used at inlets to stabilize the position of
t he navi gation channel, to shield vessels fromwave forces, and to control the
novermrent of sand al ong the adjacent beaches so as to nmininize the novenent of
sand into the channel. The sand transported into an inlet will interfere with
navi gati on depth. Because of the |ongshore transport reversals comon at nany
sites, jetties are often required on both sides of the inlet to achieve
conpl ete channel protection. Jetties are built froma variety of materials,
e.g., timber, steel, concrete, and quarrystone. Mst of the l|arger structures
are of rubbl e-mound construction with quarrystone arnor and a core of |ess
permeabl e material to prevent sand passing through. It is the inpoundnment of
sand at the updrift jetty which creates the major physical inmpact. Wen fully
devel oped, the inmpounded sand extends well updrift on the beach and outward
toward the tip of the jetty.

(b) The jetty's mmjor physical inmpact is the erosion of the downdrift
beach. Before the installation of a jetty, nature supplies sand by inter-
mttently transporting it across the inlet along the outer bar. The reduction
or cessation of this sand transport due to the presence of a jetty |eaves the
downdrift beach with an inadequate natural supply of sand to replace that car-
ried away by littoral currents.

(c) To mninmze the downdrift erosion, sone projects provide for period-
ically dredging the sand i npounded by the updrift jetty and punping it through
a pipeline (bypassing the inlet) to the downdrift eroding beach. This punping
provi des for nourishment of the downdrift beach and al so reduces shoal i ng of
the entrance channel. If the sand inpounded at the updrift jetty extends to
the head or seaward end of the jetty, sand will nove around the jetty and into
t he channel causing a navigation hazard. Therefore, the purpose of sand by-
passing is not only to reduce downdrift erosion, but also to help maintain a
saf e navi gati on channel

(d) One design alternative for sand bypassing involves a | ow section or
weir in the updrift jetty over which sand noves into a sheltered predredged,
deposition basin. By dredging the basin periodically, channel shoaling is re-
duced or elimnated. The dredged nmaterial is periodically punped across the
navi gati on channel (inlet) to provide nourishment for the downdrift shore. A
weir jetty of this type is shown in Figure 5-6. Environnental considerations
of beach nouri shment have been di scussed in Chapter 4.

(2) Breakwaters.
(a) Breakwaters are wave energy barriers designed to protect any | and-
formor water area behind themfromthe direct assault of waves. However,

because of the higher cost of these offshore structures as conpared to onshore
structures (e.g. seawalls), breakwaters have been mainly used for harbor
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protection and navi gational purposes. In recent years, shore-parallel, de-
tached, segnented breakwat ers have been used for shore protection structures.

(b) Breakwaters have both beneficial and detrinental effects on the
shore. All breakwaters reduce or elinminate wave action in the |ee (shadow).
However, whether they are offshore, detached, or shore-connected structures,
the reduction or elimnation of wave action al so reduces the |ongshore trans-
port in the shadow. For offshore breakwaters, reducing the wave action | eads
to a sand accretion in the |ee of the breakwater in the formof a cuspate
sandbar (called a tombol o when a conpl ete connection is nade between the orig-
i nal beach and structure), which grows fromthe shore toward the structure.

(c) Shore-connected breakwaters provide protection to harbors from wave
action and have the advantage of a shore armto facilitate construction and
mai nt enance of the structure.

(d) At a harbor breakwater, the |ongshore nmovenent of sand generally can
be restored by punping sand fromthe side where sand accunul ates through a
pi peline to the eroded downdrift side.

(e) O fshore breakwaters have al so been used in conjunction wth naviga-
tion structures to control channel shoaling. If the offshore breakwater is
pl aced i mredi ately updrift from a navi gati on opening, the structure inmpounds
sand in its lee, prevents it fromentering the navigation channel, and affords
shelter for a floating dredge plant to punp out the inpounded material across
the channel to the downdrift beach

(f) \While breakwaters have been built of everything from sunken ships to
| arge fabric bags filled with concrete, the primary material in the United
States is a rubble-mound section with arnmor stone encasi ng underl ayers and
core material. Sone European and Japanese breakwaters use a subnerged nound
foundation in deeper water topped with concrete superstructure, thereby reduc-
ing the width and overall quantity of fill material necessary for harbor
protection.

C. Physi cal Consi derati ons.

(1) Jetty or breakwater construction is invariably acconpani ed by |ocal -
i zed changes in the hydrodynanmic regi me, creating new hydraulic and wave
energy conditions. The initial disruption of the established dynam c equilib-
riumw |l be followed by a trend toward a new set of equilibriumconditions.
Rapi d dynam c alterations in the physical environnment may occur in the short-
termtime sale as the shore processes respond to the influence of the new
structures. Slower, nore gradual, and perhaps nore subtle changes may occur
over the long term

(2) In light of the dynam c character of shore processes, assessment of
the effects of coastal engineering projects on shorelines is a difficult task.
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Shor el i ne changes i nduced by the presence of a structure may be nmasked by wide
annual or seasonal fluctuations in natural physical processes. Severa

events, however, can be predicted in response to jetty or breakwater construc-
tion with reasonable certainty. For exanple, by creating wave-sheltered

areas, construction will result in changes in the erosional and depositiona
patterns al ong adj acent beaches, both inshore and offshore. Ajetty or shore-
connected breakwater will forma barrier to | ongshore transport if the struc-
ture extends seaward beyond the surf zone. In the particular case of a
jettied inlet, sediment will tend to accrete on the seaward si de (opposite the
entrance channel) of the updrift jetty. Spatial extent of the ensuing shore-
line alteration will depend on the structure’'s effectiveness as a sedi nent
trap, which is a function of its orientation to the inlet and to the prevail -
ing wave climate. Updrift accretion of sedinments will continue until the sink
area is filled to capacity and the readjusted shoreline deflects |ongshore
transport past the seaward term nus of the jetty. The volume of sedinment
trapped by the structure represents material renmoved fromthe natural sand
bypassi ng process. Consequently, the downdrift shoreline will be deprived of
this sedi nent and becone subject to erosion. In circunstances where waves are
refracted around the structures in a proper nanner, accretion can occur along
the seaward side of a downdrift jetty. Reflection of waves froma jetty may

al so cause erosion of adjacent shorelines. However, erosion further down the
shoreline is not precluded. Planning for adequate sand bypassing is, in view
of the above considerations, a critical requirement of coastal structure
construction.

(3) Erosion at jetty project sites will not necessarily be limted to
downdrift shorelines. Jetties redirect the course of the main ebb channel and
confine ebb flows through an inlet such that current velocities are increased.
An enhancerment of ebb jet flows will result in displacenent of sedinments from
between the jetties in a seaward direction to deeper waters. Also, sedinments
conprising the ebb-tidal delta will be shifted and redistributed, possibly
| eading to additional disruption of the natural sand bypassi ng process and
exacerbation of downdrift erosion.

(4) Shore-connected breakwaters affect shorelines in nmuch the sane nman-
ner as jetties. Accretion occurs along the updrift junction of shore and
structure and continues until |ongshore transport is deflected around the free
end to the breakwater. Calmwaters in the protected | ee of the breakwater
provide a depositional area which can rapidly shoal (Figure 5-7). Sedinents
trapped in the accretional area and termninal shoal are prevented from reaching
downdrift beaches, and substantial erosion may result.

(5) O fshore breakwaters create depositional areas in their "shadows" by
reflecting or dissipating wave energy. Reduction of wave energy inpacting a
shoreline in the lee of the structure retards the |ongshore transport of
sedi ments out of the area and accretion ensues. The extent of accretion wll
depend on the existing bal ance of shore processes at a given project site.
General ly, a cuspate spit will devel op between the shoreline and the structure
as the system approaches a new equilibrium (Figure 5-7). However, if the
breakwater is situated in the littoral zone such that it forns a very
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ef fective sediment trap, a conplete connection will eventually form nmerging
the shoreline with the structure. A tonbolo associated with an offshore
breakwat er may present a severe obstruction to littoral transport and trap a
significant volume of sedinment. Extensive downdrift erosion may result.

(6) By nodifying the cross-sectional area of an inlet, jetty construc-
tion potentially can alter the tidal prism or volune of water entering or
exiting through an inlet in one tidal cycle (usually excluding freshwater in-
flow). Enlarging an inlet can increase the tidal range within a harbor. In
connection with channel deepening projects, seawater may intrude further into
estuaries, enbaynents, or rivers than occurred under preproject conditions.
Circulation patterns within a basin may be altered as a consequence of nodi -
fied floodwater current conditions. Thus, the area physically affected by
jetty construction mght be extended appreciable distances fromthe actua
project site. Conceivably, in systenms with rmultiple connections to the sea,
jetty construction at one inlet might elicit a response at a second inlet.

d. Water Quality Considerations.

(1) Suspended sedinents. During the construction of a breakwater or
jetty, suspended sedi nent concentration nmay be elevated in the water inmredi-
ately adjacent to the operations. |In many instances, however, construction
will be occurring in naturally turbid estuarine or coastal waters. Plants and
animal s residing in these environnents are generally adapted to, and are very
tol erant of, high suspended sedi nent concentrations. The current state of
knowl edge concerni ng suspended sedi nent effects indicates that anticipated
| evel s (generally less than 1,000 nmilligrams/|l) generated by breakwater or
jetty construction do not pose a significant risk to nost biological re-
sources. Limted spatial extent and tenporal duration of turbidity fields
associ ated with these construction activities reinforce this assessnent. How
ever, when construction is to occur in a clear water environment, such as in
the vicinity of coral reefs or seagrass beds, precautions should be taken to
m ni m ze the amounts of resuspended sedi ments. Organisns in these environ-
nments are generally less tolerant to increased siltation rates, reduced |evels
of available light, and other effects of el evated suspended sedi nent concen-
trations. Potential negative inpacts can be somewhat alleviated by erection
of a floating silt curtain around the point of inpact when current and wave
conditions allow However, the high-energy conditions usually associated with
jetty and breakwater construction will generally preclude the use of silt
curtains.

(2) Oher water quality inpacts. Indirect inpacts on water quality may
result from changes in the hydrodynam c regine. The nost notabl e inpact of
this type is associated with breakwaters which forma seniencl osed basin used
for small boat harbors or marinas. If the flushing rate of the basin is too
slow to provi de adequate renoval of the contam nants, toxic concentrations may
result. Also, fluctuations in paraneters such as salinity, tenperature, dis-
sol ved oxygen, and dissol ved organics may be induced by construction or due to
altered circulation patterns. Anticipated changes in these paranmeters shoul d
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be evaluated with reference to the known ecol ogi cal requirenents of inportant
bi ol ogi cal resources in the project area.

e. Bi ol ogi cal Consi derati ons.

(1) Habitat |osses. Measurabl e amounts of bottom habitat are physically
eradicated in the path of fixed jetty or breakwater construction. If a
rubbl e-mound structure with a toe-to-toe width of 50 neters (164 feet) is used
as an exanple, one linear kiloneter (0.6 nile) of structure renpves approxi-
mately 5 hectares (12.5 acres) of preexisting bottomhabitat. Once a struc-
ture is in place, water currents and turbul ence along its base can produce a
scouring action, which continually shifts the bed material. Scour hol es may
devel op, particularly at the ends of structures. Scouring action may effec-
tively prevent the colonization and utilization of that habitat area by
sedi nent -dwel | i ng organi sns. Effects of scouring are largely confined to
entrance channels and narrow strips of bottom habitat i mediately adjacent to
structures. Usually, only a portion of the perinmeter of a structure will be
subj ect to scouring, such as along the channel side of an inlet’s downdrift
jetty. Cenerally, the anpunt of soft bottom habitat |ost at a given project

site will be insignificant in conparison with the total amount of that habitat
avai | abl e. Exceptions to this statenent may exist, such as where breakwater
construction and dredgi ng of the total enclosed harbor area will displace

| arge acreages of intertidal mudflats. Often such habitats serve critica
functions as nursery areas for estuarine-dependent juvenile stages of fishes
and shellfishes, and the availability of those habitats will be a deternining
factor in the popul ation dynam cs of these species. Additional habitat |osses
may occur when significant erosion of downdrift shorelines inpact spawni ng or
nesting habitats of fishes, shorebirds, or other organisms and when the tida
range of a harbor or bay is nodified by entrance channel nodification which in
turn affects coastal habitat. Short-terminpacts of this type may al so occur
during construction activities as heavy equi pment gains access to the project
site.

(2) Habitat gains.

(a) Losses of benthic (bottom) habitat and associ ated benthos (bottom
dwel | i ng organi sns) due to physical eradication or scouring will gradually be
of fset by the gain of new habitat represented by the structures thensel ves and
t he biol ogi cal conmunity, which beconmes established thereon. The trade-off
made in replacing "soft" (nud or sand) bottom habitat with "hard" (rock, at
| east in rubble-mund structures) bottom habitat has generally been viewed as
a beneficial inpact associated with jetty and breakwater projects. Subnerged
portions of jetties and breakwaters, including intertidal segments of coasta
structures, function as artificial reef habitats and are rapidly col oni zed by
opportuni stic aquatic organi snms. Over the course of tine, structures in nma-
rine, estuarine, and nost freshwater environnents devel op diverse, productive,
reeflike communities. Detail ed descriptions of the biota col onizing rubble-
mound structures have been made for project sites on the Pacific (Johnson and
De Wt 1978), Atlantic (Van Dol ah et al. 1984), Gulf of Mexico (Hastings 1979,
VWhitten et al. 1950), and G eat Lakes (Manny et al. 1985) coastli nes.
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In some geographical areas jetties and breakwaters provide the only nearshore
source of hard-bottom habitat. Al so, exposed portions of detached structures
may be col oni zed by seabi rds.

(b) The ultimte character of the biological community found on a jetty
or breakwater will depend on the quality of habitat afforded by the construc-
tion materials used. Physical conplexity (i.e., rough surfaces with many
interstitial spaces and a high surface area to volunme ratio) is a desirable
feature of rubbl e-nmound structures in conparison with the relatively snoot h,
flat surface of steel sheet pile or caisson structures. The sloping sides of
rubbl e-mound structures al so maxim ze the surface area of habitat created.
Structures with sloping sides also provide nore habitat within a given depth
interval than structures with vertical elenents. \Were depths are sufficient,
the biota on jetties and breakwaters exhibit vertical zonation, with different
assenbl ages of organisns having discrete depth distributions. In genera
then, structures built in deep waters will support a nore diverse flora and
fauna than those in shallow waters. This pattern will be influenced by such
factors as latitude and tidal range.

(c) Just as changes in shoreline configuration and beach profile can
entail habitat [oss, so can they represent habitat gain. Accretional areas,
such as cuspate spits, tonbol os, and exposed bars, and the above water portion
of structures may be used, for exanple, by wading and shorebirds for nesting,
feeding, and resting sites.

(3) Mgration of fishes and shellfishes.

(a) Eggs and larvae. Early life history stages, nanely eggs and | arvae,
of many inportant conmercial and sport fishes and shellfishes are al nbost en-
tirely dependent on water currents for transportati on between of fshore spawn-
ing grounds and estuarine nursery areas, A concern which has sonetimes been
voi ced by resource agencies in relation to jetty projects is that altered pat-
terns of water flow through coastal inlets nay adversely affect the transport
of eggs and | arvae. Jetties displace the entrance to an inlet to deeper wa-
ters, perhaps forning a barrier to successful entry by eggs and | arvae. Those
eggs and | arvae carried by |longshore currents m ght be especially susceptible
to entrapnent or delay in eddies and slack areas formed adjacent to updrift
jetties at various tines in the tidal cycle. Even short delays in the passage
of eggs and | arvae to estuaries may be significant because of critical rela-
tionshi ps between the devel opnental stage when feeding begins and the avail -
ability of their food itens. Al aspects of this potential inpact remain
hypot heti cal . Mechani sns of egg and | arval transport across shelf waters and
through inlets, as well as their retention within estuaries, have not been ex-
pl ained to date. No conclusive evidence exists to support either the presence
or absence of inpacts on egg and larval transport. This fact is true even
where jettied inlets have been present for relatively long spans of time, such
as along the Texas coast. The conplexity of the physical and biol ogical pro-
cesses involved would render field assessnents of this inpact a | ong-term and
expensi ve undertaking. Even if sone degree of inpacts in terms of nunmbers of
eggs and | arvae successfully transiting an inlet could be denonstrated to
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occur, the relative significance of the inpact would be difficult to estimate.
The results of hydraulic nodeling studies related to this question have been

i nconclusive (US Army Corps of Engineers 1980). Future nodeling studies com
bined with field verification studies may provide insight into resolving the
validity of this concern.

(b) Juveniles and adults. Simlar concern has been voiced regardi ng po-
tential inpacts of jetties and breakwaters on migrations of juvenile and adult
fishes and shellfishes. These stages generally have wel | -devel oped swi mm ng
capabilities, such that physical barriers inposed by these structures are |ess
of a concern than are behavioral barriers. This issue has been raised primar-
ily in association with projects in the Pacific Northwest, and w th anadronous
fishes in particular. Anadromous fishes, including many sal noni ds, spend much
of their adult life in the ocean, then return to fresh water to spawn. Early
life history stages spend various lengths of time in fresh water before noving
downstreamto estuaries where the transition to the juvenile stage is com
pl eted. Specific concerns are that juveniles or adults will not circunmvent
structures that extend for considerabl e di stances offshore. Juveniles in par-
ticular are known to migrate in narrow corridors of shallow water al ong coast-
lines and may be reluctant, due to depth preferences, to nove into deeper
waters. The State of Washi ngton has devel oped criteria, whereby continuous
structures that extend beyond nean | ow water (MW are prohibited. Designs of
coastal structures there are required to incorporate breaches or gaps to ac-
conmodat e fish passage.

(4) Increase predation pressure. Coastal rubble-nmound structures pro-
vide substrate for the establishment of artificial reef conmunities. As such
jetties and breakwaters serve as a focal point for congregations of fishes and
shel | fi shes which feed on sources of food or find shelter there. Many | arge
predat or species are anong those attracted to the structures in nunbers, as
evi denced by the popularity of jetties and breakwaters as sites of intense
sport fishing. Thus, there is concern, again largely associated with projects
in the Pacific Northwest, that high densities of predators in the vicinity of
jetties and breakwaters pose a threat to egg, larval, and juvenile stages of
i mportant species. For exanple, fry and snolt stages of several species of
sal mon are known to congregate in snmall boat harbors prior to noving to the
sea. The concern raised is that these young fishes are exposed to numerous
predators during their residence near the structures. As is the case with the
concern for inmpacts on mgration patterns, this concern remains a hypothetica
one. Concl usive evidence denmonstrating the presence or absence of a signifi-
cant inmpact is unavailable and will be exceedingly difficult to obtain.

f. Recr eati onal Considerations. The primary inpact of breakwaters on
recreational use of the beach depends |argely upon the type of use the beach
recei ves. Breakwaters reduce nearshore wave clinmate, which is generally bene-
ficial to swimng, scuba diving, and wading activities. They may al so cause
a w dening of the beach, which can result in increased recreational area.
Figure 5-8 illustrates a wi de beach accreted adjacent to a breakwater. Owner-
ship of accreted beaches is determ ned by state | aw unl ess agreenents are
otherwi se entered into prior to construction of the project. Dimnished waves
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will, however, reduce opportunities for body or board surfing activities.
Speci al interest groups such as surfers may therefore vocally oppose detached
breakwat er projects. When breakwaters are used to shelter harbors or jetties
are used to stabilize inlets, they benefit recreational boating (Figure 5-8).
They may al so act as fish attractors and may be used as fishing platforms.
However, for safety reasons access to jetties for fishing is often prohibited.
In other projects, wal kways and handrails are provided to enhance fishing
opportunities on these structures.

g. Aest hetic Considerations. Detached breakwaters are usually far
enough fromthe beach that they do not produce visual inpacts (Cole 1974).
Jetties will visually alter shore views. The texture and shape of the jetty
inrelation to the overall shoreline scene should be considered in jetty
desi gn (Snow 1973).

h. Cul tural Considerations. By reducing shore erosion or stabilizing
inlet |ocation, breakwaters and jetties will, generally, preserve onsite cul -
tural resources. However, this local protection can potentially increase the
rate of erosion on adjacent shorelines. For this reason, cultural resources
in the adjacent inmpact area nust al so be eval uated. Lighthouses and ot her
historically inmportant structures are often found in close proximty to
inlets.

i Envi ronment al Summary.
(1) Envi ronment al design

(a) Every jetty or breakwater project scenario should incorporate engi-
neering design, econonic cost-benefit, and environnental inpact eval uations
fromthe inception of planning stages. Al three elenments are interrelated to
such a degree that efficient project planning denmands their integration
Envi ronment al consi derati ons should not be an after thought. Structure design
criteria should seek to mininize negative environnental inpacts and optim ze
yi el d of suitable habitat for biological resources. Mnimzing inpacts can
best be achieved by critical conparisons of a range of project alternatives,
including the alternative of no construction. From an environnmental perspec-
tive, site selection is perhaps the single nobst inportant decision in the
pl anni ng process. However, various engi neering design features can be incor-
porated to optim ze an alternative from an ecol ogi cal viewpoint. For exam
ple, opting for a floating rather than fixed breakwater design night alleviate

nost concerns related to inpacts on circulation, littoral transport, and the
m gration of fishes, because passage is allowed beneath the structure. Float-
ing breakwaters are also excellent fish attractors and still provide substrate

for attachment and shelter for many ot her organi sns.

(b) In planning breakwaters for snmall boat harbors, configurations which
m ni m ze flushing problenms shoul d be exam ned. Rectangul ar basi ns which maxi -
nmze the area available for docks and piers characteristically have poor water
circulation, particularly in the angul ar corner areas. Designs wth rounded
corners and entrance channels |located so that flood tidal jets provide
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adequate m xi ng throughout the basin are desirable. Selection of a | ess steep
rubbl e- mound si desl ope angle will naximze the availability of intertidal and
subtidal habitat surface areas. The size class of stone used in arnor |ayers
of rubbl e-nmound structures is another engineering design feature that has

habi tat val ue consequences. Selection of |large-size material results in a

het erogeneous array of interstitial spaces on the finished structure. Hetero-
geneity rather than uniformty enhances the quality of the structure in terns
of refuge and shelter sites for diverse assenbl ages of fishes and shellfishes.

(2) Envi ronnent al assessnent.

(a) Short-terminpacts. Actual construction activities for jetties and
breakwaters entail a nunber of potential inpacts of durations generally |ess
than several days or weeks. These inpacts will vary in type and frequency
fromproject to project. For exanple, tenporary or permanent access roads nmay
have to be built to allow transportati on of heavy equi pnent and construction
materials to the site. G ading, excavating, backfilling, and dredgi ng opera-
tions will generate short-term epi sodes of noise and air pollution and may
locally disturb wildlife such as nesting or feeding shorebirds. Project ac-
tivities should be scheduled to m ninize disturbances to waterfow , spawning
fishes and shellfishes, nesting sea turtles, and other biological resources at
the project site. Precautions should also be taken to reduce the possibility
of accidental spills or |eakages of chemicals, fuels, or toxic substances dur-
ing construction activities. Effort should be expended to mnimze the pro-
duction and rel ease of high concentrations of suspended sedi ments, especially
where and when sensitive biological resources such as corals or seagrasses
could be exposed to turbidity plunes and increased siltation rates. Dredging
of channels in conjunction with jetty or breakwater projects presents a need
for additional consideration of short-terminpacts in relation to suspended
sedi ment s.

(b) Long-terminpacts. Long-terminpacts of jetty or breakwater con-
struction are less definitive or predictable. Utimte nearfield effects on
littoral sedinent transport can be expected to becone evident within severa

seasonal cycles. These effects will vary according to a given project’s
environnental setting and specific engineering design. For exanple, periodic
mai nt enance dredging will be required for catch basins adjacent to weir jet-

ties. Consequences of constructing coastal structures on farfield shore pro-
cesses are presently understood only qualitatively.

5-3. Goins.

a. Gener al

(1) Goins are barrier-type structures that extend fromthe backshore
into the littoral zone. Although single groins are constructed on occasion

groins are generally constructed in series, referred to as a groin field or
system along the entire I ength of beach to be protected.
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(2) Groins have been constructed in various configurations which are
classified as high or low, long or short, perneable or inpernmeable, and fixed
or adjustable. A high groin, extending through the surf zone for ordinary or
noderate stormwaves, initially entraps nearly all of the |Iongshore noving
sand within that intercepted area, until the accunul ated sand fills the en-
trapnment area and the sand passes around the seaward end of the groin to the
downdrift beach. Low groins (top profile no higher than that of desired beach
di mensi ons or natural beach elevation) trap sand |ike high groins. However
some of the sand al so passes over the top of the structures. Perneable groins
permt some of the wave energy and novenent of sand through the structure.

(3) A number of factors are taken into consideration in the design of
groins. As with other coastal structures, the prevailing wave climate at a
project site is of paranount inportance. Wave energi es and the angle of wave
approach onto a beach are critical factors in predicting the response of a
shoreline to groin construction. The direction and rate of littoral drift
will also determ ne design specifications. Additional factors include the
exi sting pattern of water currents and the spatial distribution of accretiona
and depositional areas. These factors are essentially identical to those con-
sidered in the previous section on jetties and breakwaters. |ndeed, the mgjor
di fferences between groins and these structures are in terns of function
rather than form In general, groins are smaller, |ess massive structures
than jetties or breakwaters. An exanple of rubble-mound groin design is
depicted in Figure 5-9. The length or seaward extent of a groin will largely
deternmine the initial effectiveness of the structure as a barrier to littora
transport, so that the design length will vary fromproject to project. In
nost cases, a groin will be built out to the distance at which i ncom ng waves
exert their maxi mum force on bottom sedi ments. The length of a groin will de-
termne the ultimate rate of sedi nent passage around the end of the structures
(end passing), whereas the design height of the groin will largely determ ne
the rate of sedi ment nmovenment over the structure (overpassing). Overpassing
can be augnented by incorporation of one or nore weir sections into the groin
or groin field design. The shoreward term nus of a groin is generally set
sufficiently far inshore that abnormally high tides will not flank the struc-
ture, thereby preventing possible scouring, undercutting, and failure.

(4) As in the case of jetties and breakwaters, a w de variety of mate-
rials are used in the construction of groins. |nperneable groins can be con-
structed of stone (rubbl e-nmound), sheet piles (concrete, tinber, or steel), or
asphalt. Often these materials are used in conbination; for exanple, concrete
may be set as a grout or cap in rubble-nound groins. In addition to the above
mat eri al s, perneabl e groins can be made of sand bags, |arge stones, and earth,
or by slots created in sheet-pile structures, although these are not comonly
enpl oyed. Sel ection of construction materials depends on foundation charac-
teristics of the seabed as well as cost and availability factors.

b. Rol e in Shore Protection. The basic purpose of groins is to nodify
t he | ongshore novenent of sand and to either accumul ate sand on the shore or
retard sand | osses. Trapping of sand by a groin is done at the expense of the
adj acent downdrift shore unless the groin or groin systemis artificially
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filled wth sand to its entrapnent capacity fromother sources. To reduce
the potential for damage to property downdrift of a groin, sone limtation
nust be inposed on the amount of sand permtted to be i npounded on the
updrift side. It is desirable, and frequently necessary, to place sand
artificially to fill the area between the groins, thereby ensuring an

uni nterrupted passage of the sand to the downdrift beaches. Wien fill is
used, the groin functions to anchor the fill nmaterial. In either instance,
groi ns provi de shore protection by nodifying | ongshore sand transport.

c. Physical Gonsiderations.

(1) The effects of groins on shore processes are very simlar to
those discussed in reference to jetties and breakwaters. Goin
construction wll initially disturb the bal ance or equilibrium between
physi cal Iorocesses at agiven project site. Wth the passage of tine, the
systemw || tend to devel op sone new set of equilibriumconditions. The
reader is referred to the discussion of physical inpacts in the preced ng
section on jetties and breakwat ers.

(2) By creating a barrier to littoral transport, groins cause changes
in both shorelines and beach profiles. Entrapnent of [ittoral drift
results in the gradual buildup of a fillet on the gBdrift side of a groin.
The fillet wll growuntil the vol une of the avail abl e sedi nent sink
reaches capacity and the rate of littoral drift is accomodated b
endpassi ng or overpassing of the structure. Accretion of the updrift beach
also shifts the location of the breaker zone offshore. Downdriftt
shorel i nes, however, wll be deprived of that vol une of sand accreted
updrift of the groin and becone susceptible to erosion. The overal l
di spl acenent of both updrift and downdrift shorelines wll reflect the

roin's relative effectiveness as an obstruction to littora transport
Fgure 5-10). In turn, effectiveness as a transport barrier wll largely
be determned by the orientation of the groin to the direction of

appr oachi ng waves. Adjustnent of the shorelines wthin the influence of a
groin or groin field wll tend toward achieving nornality, i.e., shorelines
perpendi cul ar to the direction of wave approach. Net littoral |ongshore
transport is reduced to zero when waves nove onto shore in a nornal or

8_er pendi cul ar nanner, thus expending their energy equally in both | ateral

i rections.

(3 mana?es in beach profiles in response to groin construction can
be substantial. Gowh of the updrift fillet alters the | ocations and

sl opes of the foreshore and nearshore zones. The alteration nay al so cause
sel ective settlenment of sedinents of different size categories along the
beag_h profile and result in graded rather than uniformsubstrate

condi t1 ons.

(4 Goins nay interfere wth the onshore-of fshore transport process
by di splacing the position of |ongshore currents and rip currents. Rp
currents wthin groin conpartnents (the area between two consecutive groins
inagroin field) nay displace sedinents fromthe shal | ow beach areas,
carry themby jetting action, and deposit themin deeper offshore areas,
thus preventing themfrombeing carried to downdrift sections of the
beach. Rp currents can be generated as the | ongshore novenent
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of water is deflected seanard by the presence of a groin.
d. Witer Quality (onsiderations.

(1) Goin construction operations nay induce short-termepi sodes of
el evat ed suspended sedi nent concentrations in the water colum. This
inpact wll usually be limted to the water i nmmedi atel y adj acent to the
structure. Hstorically, concerns have been raised in connection wth

otential detrinental Inpacts of high suspended sedi nent | oads on

i ol ogi cal resources. However, the present state of know edge on this
topic allows an assessnent that concentrations of suspended sedi nents
found at groin construction projects pose mninal risk to lost flora and
fauna likely to occur at these sites. Mbst estuarine and coastal narine
organisns are highly tolerant to el evated suspended sedi nent
concentrations for noderate to extended periods of tine. As was stated in
the discussion relevant to jetties and breakwat ers, however, precautions
such as the installation of silt curtains shoul d be consi dered when

feasi bl e, where sensitive resources such as coral reefs and seagrass beds
are located in the vicinity of a project.

(2) Because groins change | ocal patterns of water circul ation, sane
changes in water quality paraneters nay al so be anticipated. Sight
fluctuations in tenperature, dissolved oxygen, and di ssol ved organi cs nay
occur in the sheltered waters in the | ee of groins. These inpacts shoul d
be insignificant for nost groin project scenarios.

e. Bological Onsiderations.

(1) Habitat alterations, both | osses and gains, associated wth
groin construction projects are anal ogous to those di scussed for jett% and
breakwat er projects. Because groins are generally snall er structures by
conpari son, these habitat changes are usually on a snal |l er scal e.
Qonstruction operations wll physically displace existing bottom habitat
covered by the placenent of structural naterials, particularly in the case
of rubble-nound groins. This habitat |oss wll be suppl enented by
scouring effects of water novenent al ong the base of the structures. The
anounts of bottomhabitat involved will be deﬁendent upon t he nunber,
| ocation, and size of groins inrelation to the total available habitat.
Exceptional cases, such as tidal flats, do exist and shoul d be examned on
a project by project basis. Initial bottomhabitat | osses are |ater
offset at least In ﬁart by the habitat reBresented by the structures
thensel ves. Gten the local diversity of bottomhabitats, including the
presence of scour holes, wll be enhanced by groin construction. Were
scouring effects woul d represent unacceptabl e habitat |oss, they can be
mni mzed by proper design of the groin, for exanple, by inclusion of a
wei r section.

(2) Habitat gains are evidenced by the biota whi ch becones
establ i shed upon groin structures, although due to the shall ow nature of
groins, these biological comunities are sonewhat | ess diverse than those
on larger jetties and breakwaters built of simlar naterial s.
Nevert hel ess, groins provide
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substrate which serves as artificial reef habitat in the nearshore zone.
Rubbl e--nound groins especially afford a physical |y conpl ex habitat in
support of productive invertebrate and fish assenbl ages.

(3) Habitat |osses and gains can al so take pl ace on shorelines
i nfluenced by groin structures. Were the shoreline response occurs al ong
the periphery of a fringing narsh or other wetland, downdrift erosion or
updrift accretion can result in significant adverse inpacts. These
i npacts nust be wei ghed agai nst the eventual habitat |osses incurred if
stabilization by groins or other alternatives is not acconplished. Goin
associ ated accretional areas nmay provide substrate for the establishnent
of beach vegetation. Shoreline responses to groins nay al so represent
loss or gain of wldlife or fishery habitat in the formof nesting,
Spawni ng, nursery, resting, feeding, or shelter areas.

(4 Swal groins have not been docunented or inplicated to have
effects on the novenents or mgration patterns of fishes and shell fishes.
Goins are very effective fish attractors and provi de excel | ent sport
fishing sites. Predation effects, as discussed under the biol ogi cal
inpacts of jetties and breakwaters, have not been a significant topic of
concerninrelation to groin projects. These structures, particul arly
t hose of rubbl e-nound construction, nay provide benefici rotective
cover, as well as feeding and resting areas for both juvenile and adul t
fishes and shel | fi shes during coastal mgrations.

f. Recreational (onsiderations. By increasing beach wdth, groins

i ncrease beach area availabl e for use. However, they can be a safety
hazard to nearshore recreation activities such as swnmng, wnd surfing,
board surfing, and shallowwater diving. Potentially dangerous conditions
can be created where the waves first encounter the structure or where rip
currents are created between groins. Scour hol es adj acent to groins al so
constitute safety hazards to nonsw nmers. A so, sone groin structures nay
inpede | ateral novenent of beach users.

g. Aesthetic Gonsiderations. he conmon feature of natural beaches
is the presence of long, straight stretches of sand. Goin fields usually
alter beach topography into a series of abrupt indentations (H gure
5-10). In addition, the naterials used to construct groins and their
linear configuration substantially alter the scenic character of the beach
(Hgure 5-11).

h. Qiltural Gonsiderations. Goins can protect onsite cul tural
resources by reduci ng shore erosion. Hwever, the downdrift erosion
usual | y associated wth groins can potentially threaten cul tural resources
in adjacent areas. For this reason, cultural resource | osses in the
adj acent inpact areas nust al so be considered. Qultural resource surveys
shoul d be conducted prior to construction. Hacenent of groins should
accommodat e cul tural resource protection in so far as practical, while
acconpl i shing the prinary purpose of the project.
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Presque Isle, Pennsylvania (Oct. 1965)

Shoreline

Concrete ,rock,or asphalt cell cap may be used
to cover sand-or rock-filled cells

Steel sheet piles

PLAN

varies

Note:
Dimensions and details to be

determined by particulor site
conditions.

Water level 2>

1

PROFILE

Figure 5-11. Irregul ar beach forned by cellular steel sheet-pile groin
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i Envi ronment al Summary.

(1) Environmental design. Downdrift erosion will often be an inportant
envi ronnent al consideration. Downdrift erosion can be aneliorated by provid-
ing beach fill, reducing groin height (overpassing) and | ength (endpassing),
or incorporating perneability. The selection of construction materials can
al so be inportant to the overall inpact of the project. Because rubbl e-nmound
structures provide a variety of living spaces and a firmsurface for attach-
ment, they are often considered beneficial habitats.

(2) Environment assessnent.

(a) Short-terminpacts. Construction operations are a source of severa
types of short-terminpacts. Transportation of construction materials and
operation of heavy equi pment at the project site will generate |ocalized inci-
dences of air and noise pollution. Flexibility in the scheduling of these
activities should be exercised to mnimze disturbance of coastal biologica
resources, especially during critical spawning and nesting periods. Short-
termevents of elevated turbidity induced by groin construction or associ ated
beach fill will occur. As discussed under water quality inpacts, proper pre-
cautions shoul d be taken to reduce suspended sediment effects if sensitive
organi sns or habitats are present.

(b) Long-terminpacts. Long-terminpacts of groin construction, as for
jetty and breakwater construction, are difficult to assess. Downdrift ero-
sional problens are by far the major topic of concern, and these will vary in
magni t ude anong di fferent projects. Deprivation of downdrift shorelines ap-
pears to be a cunulative inpact in that large groin fields may take extended
periods to attain their sedinent entrapnent capacities. Therefore, the down-
drift erosional process, if not mtigated by nourishment or sand bypassing,
could be both severe and prol onged. Such erosion may produce recreationa
i mpacts (loss of downdrift beach area), cultural resource inpacts (erosion of
cultural sites), and biological inpacts (erosion of biologically productive
habi t at s) .
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CHAPTER 6
NONSTRUCTURAL ALTERNATI VES

6-1. Salt Marshes.

a. General . Shore erosion is a common problemin the bays, sounds, and
estuaries of the coastal United States. A wide variety of structures have
been devel oped and used to control this erosion. However, due to environmen-
tal objections and economic linmtations it is often inpractical to use even
t he nost innovative of these structures. This fact is particularly true for
relatively | ow wave-energy areas where erosion nay be costly but has not yet
reached catastrophic proportions. Lowcost, nonstructural techniques are
avail able for controlling erosion in salt and bracki sh water, |ow wave-energy
areas of contiguous United States using native marsh plants. Vegetation,
where feasible, is usually lower in cost than structures and may be nore
effective.

(1) Coastal marsh vegetation.

(a) A coastal marsh is an herbaceous (plants |acking woody stens) or
grassy plant conmunity found on the part of the shoreline which is periodi-
cally flooded by salt or brackish water. A number of species in the grass
fam |y (Poaceae), sedge family (Cyperacae), and rush famly (Juncaceae) com
nonly form coastal marshes.

(b) Coastal marshes occur naturally in the intertidal zone of noderate-
to | owenergy shorelines along tidal rivers and in bays and estuaries. These
mar shes may be narrow fringes along steep shorelines but can extend over w de
areas in shallow, gently sloping bays and estuaries. Historically, such |ands
were extensive and widely distributed along the Atlantic, Florida peninsula,
Gul f, and Pacific coasts of the United States before devel opment by man.

(c) There are two nmjor groups of coastal salt nmarshes in the United
States, based on physi ographic differences--marshes of the Atlantic, Florida
peni nsul a, and Gulf coasts (the eastern region) and those characteristic of
the northern and southern Pacific coasts (the western region). The eastern
mar shes usually formon a gently sloping coast with a broad continental shelf,
under conditions of a sea slowy rising relative to the land. Wstern narshes
are nostly formed in relatively narrow river nmouths which drain al nost di-
rectly onto a steeply sloping continental shelf along a slowy energing coast-
[ ine (Cooper 1969). Consequently, the western estuaries and their marshes are
nore limted in devel opnent than those of the east and tend to mature nore
rapidly. There are two types of coastal salt marshes: the regularly flooded
| ow marsh, which is considered to be the nost val uable and usually the nost
essential to erosion control; and the irregularly flooded high marsh.
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(2) Erosion control plantings.

(a) Wth the use of agricultural techniques, plants can often be estab-
i shed on shorelines where natural processes of invasion have failed to pro-
duce plant cover. Marshes established in this nanner may greatly inprove the
shore’s stability and resistance to erosion. This erosion control alternative
has been used successfully for nmany years in the United States. For exanple,
in the winter of 1928, a property owner on the eastern shore of Chesapeake Bay
pl anted snmooth cordgrass (Spartina alterniflora) along nore than 1 kil onmeter
(0.5 mle) of shoreline in an attenpt to reduce erosion. This shoreline has
remai ned stable for nore than 50 years and is the ol dest reported exanpl e of
shore stabilization with salt marsh vegetation in the United States (Knutson
et al. 1981) as shown in Figure 6-1. Sinmlarly in 1946, a | andowner on the
Rappahannock River in Virginia graded an erodi ng shoreline and pl anted severa
varieties of salt-tolerant plants. This planting has prevented erosion for
40 years (Phillips and Eastnman 1959, Sharp and Vaden 1970, Sharp et al. 1981).

RB -

n‘,ﬂ,

Figure 6-1. O dest reported salt marsh planting in the
United States

(b) Researchers in other coastal regions have found that shoreline sta-
bilization with plants can be successful --Garbisch et al. (1975) in Chesapeake
Bay; Webb and Dodd (1978) in Gal veston Bay, Texas; Allen et al. (1986) in
Mobi | e Bay, Al abama; Newconbe et al. (1979) in San Francisco Bay, California,;
and Newl i ng and Landin (1985) at Corps sites in a nunber of coastal Districts.
Based on these studies, design criteria for vegetation stabilization projects
wer e devel oped (Knutson 1976 and 1977a-b, Knutson and Wbodhouse 1983, Allen
and Webb 1983, Allen et al. 1984, Wbb et al. 1984). The US Arny Engi neer
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WAt erways Experinent Station (1978) conducted a nati onwi de study program on
mar sh est abl i shnent on dredged material in the md-1970's as part of the
Dredged Material Research Program which resulted in design criteria for marsh
devel opnent. This program has continued to the present under the Dredging
Operations Techni cal Support Programto include all types of wetland devel op-
ment as well as erosion control in noderate wave energi es using vegetation
(Landi n 1986) .

(c) Hal | and Ludwi g (1975) evaluated the potential use of marsh plants
for erosion control in the Great Lakes. They concluded that there were few
natural areas suitable for this method of shore protection because there are
few sheltered shorelines. Marsh plantings are al so subject to winter icing
conditions and fluctuating |lake levels in this region. Marsh vegetati on can
be established behind protective structures in the Great Lakes (Landin 1982).
However, vegetation can be used to stabilize upland areas (Hunt et al. 1978,
Penni ngt on 1986). The roots of terrestrial plants add stability to the soil
retard seepage, and reduce surface runoff (Geat Lakes Basin Conmi ssion 1978,
Gray 1974 and 1975, Dai et al. 1977). Information on surface erosion and
various techniques for its control (dewatering, slope grading, and planting
ground cover species) are available fromEM 1110-2-5026, US Arny Engi neer
WAt erways Experinent Station (1986), the US Soil Conservation Service, or from
county agricul ture extension agents.

(d) In Alaska, a relatively short-grow ng season, broad tidal ranges,
hi gh-energy conditions, and icing prevent the use of salt marsh vegetation for
erosion control, and only one site is known to exist. This alternative has
not been used in the bays and estuaries of Hawaii .

(3) Pl anti ng gui deli nes.

(a) For erosion control projects, the intertidal zone is the nost criti-
cal area to be planted and stabilized. If a healthy band of intertidal marsh
can be established along a shore, revegetation of the slope behind it wll
occur through natural processes. Four species of pioneer plants have denon-
strated potential in stabilizing the part of the intertidal zone which is in
direct contact with waves: smpooth cordgrass (Spartina alterniflora) along the
Gul f and Atlantic coasts, Pacific cordgrass (Spartina foliosa) on the Pacific
coast from Humbol dt Bay south to Mexico, and Lyngbye’'s sedge (Carex |yngbyei)
and tufted hairgrass (Deschanpsia caespitosa) in the Pacific Northwest (Snith
1978) . A nunmber of wetland plants colonize the freshwater/intertidal zone
(Landin 1978, Lunz et al. 1978).

(b) The width of the substrate at an elevation suitable for plant estab-
lishment will determine in part the relative effectiveness of the erosion
control planting. A practical mnimmplanting width for successful erosion
control is 6 meters (20 feet) (Knutson et al. 1981). On the Atlantic and Gul f
coasts, marsh plants will typically growin the entire intertidal zone in
mcrotidal areas and to nmean tide where tidal ranges are broader. Marsh
pl ants sel dom extend bel ow the el evati on of nean tide on the southern Pacific
coast or below | ower high water in the Pacific Northwest. Because of these
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el evational constraints, the nore gradual the shore slope, the broader the po-
tential planting width. On steeply sloping shores, there may be little area
suitable for planting. If the potential planting area is not 6 neters (about
20 feet) in width, the shore nust be sloped or backfilled to extend it. Back-
filling must be done enough in advance of planting to allow for settling and
firmng of the soil

(c) Salt marsh plants rely heavily on exposure to direct sunlight and
will not grow in shaded areas. Therefore, any overstory of woody vegetation
present at a site should be cleared above the planting area and | andward to a
di stance of 3 to 5 nmeters (10 to 15 feet). However, should the woody over-
story be desirable wetland plants such as mangroves, they should not be
cl eared, but worked around to prevent their |oss.

(d) Vegetative transplants are used for erosion control planting instead
of seeding which is not likely to be effective on sites subject to erosion
Vegetative transplant types include: sprigs, stens with attached root mate-
rial; pot-grown seedlings; or plugs, root-soil nasses containing several in-
tact plants dug fromthe wild. Sprigs are the | east expensive to obtain and
easiest to handle, transport, and plant. They may be obtained fromfield
nurseries, planted at |least a year in advance, or collected fromyoung marshes
or the edges of expandi ng established marshes. Pot-grown seedlings are expen-
sive to grow and plant, nore awkward to handl e and transport, but relatively
easy to produce and transplant. They are superior to sprigs for |late season
pl anting. Plugs are the nost expensive to obtain, difficult to transport, and
probably used only when no other sources are available. The Soil Conservation
Service may be hel pful in |locating and obtaining plant materials. A conserva-
tionist for the State Soil Conservation Service is located in all the state
capitals.

b. Rol e in Shore Protection.

(1) Marsh plants performtwo functions in abating erosion. First, their
aerial parts forma flexible mass which dissipates wave energy. As wave en-
ergy is dinmnished, both the of fshore transport and the |ongshore transport of
sedi nent are reduced. Dense stands of marsh vegetati on may even create a
deposi tional environnent, causing accretion rather than erosion of the shore-
face. Second, nmany nmarsh plants form dense root-rhizone mats which add sta-
bility to the shore sedinment. This protective mat is of particular inportance
during severe winter storns when the aerial stenms provide only limted resis-
tance to the inpact of waves.

(2) Wave attenuation in marshes has not been studied extensively. Wayne
(1975) neasured small waves passing through a snooth cordgrass marsh at Adans
Beach, Florida, and Wbb et al. (1984) neasured wave attenuation in a human-
made marsh in Mobile Bay, Al abama. Knutson et al. (1982) conducted a series
of field experinents measuring wave attenuation in natural salt marshes.

Knut son found that a 15-cm (0.5-foot) wave experienced a 72 percent energy
loss while traversing 5 m (15 feet) of coastal marsh. As the wave energy
i mpacting the shore is reduced, there is increased potential for sedinment
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deposition and decreased potential for erosion. Wodhouse et al. (1974)
measur ed sedi nent deposition resulting frommarsh plantings and reported the
deposition at 15 to 30 cm (0.5 to 1 foot) of sedinent along three planted pro-
files at Snow s Cut, North Carolina, during a 30-nonth period.

(3) Studies have shown that plant roots do significantly increase soi
stability (Gray 1974), In these studies the shear strength of vegetated soils
was as much as two and three times greater than unvegetated soils. |In addi-
tion, the shear strength of soils was higher when the volune fraction or
wei ght density of the root system was greater

C. Physi cal Considerations. The planting of shore vegetation is accom
plished with a m ni mum of equi pnent and physical disturbance. \Wen erosion
control plantings are successful, they create a region of sedi nent deposition
al ong the shoreline and reduce erosion.

d. Water Quality Considerations.

(1) salt marshes have substantial absorptive capacities for potentia
pol | utants such as nitrogen, phosphorus, and heavy nmetals (WIIlians and
Mur dock 1969, Wbodhouse et al. 1974). Increased growth of salt marsh species
in response to nutrients has been noted at several |ocations. Apparent recov-
ery of applied nitrogen may be as high as 40 to 60 percent in shoot growh
al one (Wodhouse et al. 1974 and 1976), a value that conpares favorably with
upland field crops. The potential for substantial recycling of nutrients
bet ween salt narshes and estuaries exists. The absorption, conversion, and
recycling capabilities of marsh plants offer potential opportunities for water
purification (Wodhill 1977).

(2) There has been concern expressed that intertidal marshes planted on
pol | uted sedi nents may be a source for rel ease of potentially toxic heavy net-
als to estuarine systens and the ocean. This matter is a subject of extrene
conplexity. In general, the rel ease of heavy metals is not a major concern
for shore stabilization projects unless sedinments with high |levels of heavy
netals are used to grade the site prior to planting (Gunnison 1978). In this
case, the issue of heavy netal release should be resolved on a case-by-case
basis. However, it is also advisable to consider this issue when sizable
shore stabilization projects are proposed for areas with highly polluted
sedi nent s.

e. Bi ol ogi cal Consi derati ons.
(1) Marsh ecol ogy.

(a) Salt marshes are valued as sources of primary production (energy),
as nursery grounds for sport and comrercial fishery species, and as a system
for storing and recycling nutrients. Once established, erosion control plant-
ings function as natural salt marshes and gradual |y devel op conparabl e ani nmal
popul ati ons (Camen 1976, Camen et al. 1976, New ing and Landin 1985).



EM 1110- 2- 1204
10 Jul 89

(b) Only about five percent of the biomass of a given salt marsh is con-
sumed while the plant material is still living. Gasshoppers and plant hop-
pers graze on the grass and are, in turn, eaten by spiders and birds, Direct
consunption of rhizones and cul ns of marsh grasses by waterfow may be signif-
icant locally near waterfow w ntering grounds (Lunz et al. 1978). Peri-
wi nkl es graze on al gae growi ng on the grass. The pathway of energy flowis
bel i eved to nmove through the detrital food chain. Dead grass is broken down
by bacteria in the surrounding waters and on the surface of the marsh. This
process greatly decreases the total energy content but increases the concen-
tration of protein, thereby increasing the food value. Sone detrital parti-
cles and m croal gae are eaten by a variety of deposit and filter feeders such
as fiddler crabs, snails, and nussels; these organisns are, in turn, eaten by
predators such as nud crabs, fish, rails, and raccoons. The remaining detri-
tus, augmented by the dead matter fromthe primary and secondary consumers, is
washed fromthe nmarsh by tidal action. This exported detritus, with materia
from submergent aquatic plants and the plankton, feeds the nyriad of |arvae
and juvenile fish and shellfish which use estuaries, bays, and adjoining shal -
| ow wat ers. Marsh grasses nmay account for nost of the primary production of
the systemin waters where high turbidity reduces |ight penetration, thereby
reduci ng phytopl ankt on and subnergent aquatic production

(c) The rigorous environment of the salt marsh controls the nunber of
animals living there. These areas are used by fur-bearing animls, such as
t he muskrat, nutria, and raccoon, and by birds such as herons, egrets, rails,
shorebirds, raptors, waterfow , and sonme songbirds. A much | arger popul ation
of animals lives in or on the nud surface. The nore conspi cuous inhabitants
are fiddler crabs, nmussels, clanms, and periw nkles. Less obvious but nore nu-
nmerous are annelid and oligochaete wornms and insect |arvae. In addition, |ar-
vae, juveniles, and adults of many shellfish and fish are comonly found in
the marsh creeks.

(2) Introduci ng nui sance speci es.

(a) Although nost coastal marsh species are highly regarded as ecol ogi -
cally beneficial, some are not. Comon reed (Phragmites communis) particu-
larly has a reputation in United States coastal areas as a nuisance plant.
More literature is avail able on eradicating common reed than on planting it.
It is purported to be of little direct value to wildlife and aggressively
crowds out other desirable species. It grows in dense nonotypic stands often
to a height of about 10 feet (3 neters), which can interrupt views of the
wat er and preclude public access. Because of these considerati ons conmon reed
is usually not planted for shore stabilization in coastal areas even though it
has denponstrated potential for this use (Benner et al. 1982). It is, however
planted at interior United States reservoirs and | akes for erosion control in
drawdown zones (Allen and Klims 1986).

(b) The introduction of nonnative species may al so have negative
i npacts. Mdst marsh plants are aggressive col onizers. When introduced to
regi ons where they do not occur naturally, they may spread rapidly in the ab-
sence of the diseases and predators which act as biological controls in their
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native environments. Introduced nonnatives may di spl ace speci es whi ch have
ecol ogi cal or agricultural significance. For this reason, careful considera-
tion nmust be given before marsh plants are planted outside their natura
ranges.

f. Recreati on Considerations. Vegetative stabilization di scourages cer-
tain recreational activities. Vegetation di scourages public access for water-
oriented activities such as sw mm ng, wadi ng, and sunbathing. In addition
veget ati on di scourages fishing fromthe shore; other shore protection struc-
tures often provide a platformfor fishing use, and wave reflection may
i ncrease nearshore depths. Marshes may substantially increase the nunber of
fish and wildlife in an area. As a result, nonconsunptive wildlife oriented
recreational activities such as photography, observation, and nature study and
consunptive uses such as fishing, bird hunting, and trapping are benefited.

g. Aest hetic Considerations. Marshes are a visual transition between
| and and water and a natural feature of the | andscape adding form color, and
texture to the shore. Unlike other fornms of shore protection, once plants are
established no visible evidence renmains to indicate that there has been a
human effort to reduce erosion (Figure 6-2). In addition, the unique assem
bl age of birds and manmal s associated with marshes are interesting subjects of
phot ographic and illustrative art forms. Standard structural nethods of shore
protection may visually alter the shoreline (Figure 6-2), creating a barrier
rather than a transition between | and and water.

h. Sunmary.

(1) Establishing marsh plants to abate shore erosion generally will be
consi dered as an environnmental inmprovenent. Positive water quality, biologi-
cal, recreational, and aesthetic benefits are typically associated with vege-
tative stabilization projects. In addition, vegetative stabilization is the
| east costly of all erosion control neasure. A 33-foot-w de, (10-neter-w de),
(landward to seaward) shoreline planting requires an investnent of only about
$12 per linear yard (linear meter) to hand plant sprigs and about $28 per |in-
ear yard to hand plant nursery seedlings (based on | abor costs of $15 per hour
pl us 100 percent overhead). Costs for structural alternatives will range from
$50 to $1,000 per linear yard (Figure 6-3).

(2) Due to associated environmental benefits and | ow cost, this alterna-
tive should al ways be consi dered when shore protection is planned in sheltered
bays and estuaries. However, this alternative is effective only within a
limted range of wave climtes and never on open, exposed coastlines, unless
it is done in conjunction with energy-reducing structures. Refer to Knutson
et al. (1981) for information on a sinple nmethod for evaluating site suitabil-
ity on a "case-by-case" basis.

6-2. Seagrasses.

a. General . The establishnent of seagrass meadows to aid in shore
protection has only recently been recogni zed as a potential nonstructura
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a. Vegetative erosion control project (Maryland)

b. FErosion control structure (Mryl and)

Figure 6-2. Aesthetic conparison of nonstructural (salt marsh
pl anting) and structural (revetment) measures
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alternative. Restoration of seagrass for sedinment stabilization and habit at
enhancenent is now possible due to recent devel opnents in seagrass planting
technol ogy (Phillips 1980, Fonseca et al. 1982 and 1985).

(1) Seagrass neadows. Seagrasses are underwater marine vascul ar plants
occurring primarily in shallow soft-bottom habitats and frequently form ng
ext ensi ve neadows. The plants can generally be characterized as having | ong,
flat, grass-like | eaves anchored to the sedi ment by extensive root and rhizone
systens. Five species are common to the nmarine coasts of the United States--
eel grass (Zostera marina), w dgeongrass (Ruppia maritinma), shoal grass
(Hal odul e wrightii) manateegrass (Syringodiumfiliforme), and turtlegrass
(Thal assi a testudi nun). Seagrasses normally occur in sedinments ranging from
sand to mud in relatively protected environnents. Depth is linited to gener-
ally less than 10 feet (3 nmeters) by light attenuation in the water col um.
Salinity tolerance ranges from 20 to 40 parts per thousand (ppt), except for
wi dgeongrass (0-15 ppt).

(2) Planting guidelines.

(a) Methods for transplanting seagrasses and gui delines for deternining
initial densities of transplants have been devel oped for npbst of the common
speci es of seagrasses. Reconmmended procedures involve four relatively sinple
steps: obtain seagrass shoots from healthy donor beds by di ggi ng sods con-
tai ning shoots, roots, and rhizones; gently wash sedi nent out of sod; attach
5-15 shoots to wire anchors (Figure 6-4); and replant shoot bundl es at desig-
nated site.

(b) Initially a seagrass transplant will consist of an array of shoot
bundl es arranged in a grid fashion with the individual bundl es separated by
areas of bare sedinment. Coverage of the sedinment will occur through latera

grom h of the plants as new shoots develop runners in a simlar fashion to
pl ant spreading in strawberry patches. Depending on initial spacing, conplete
coverage may take one or nobre years.

(c) It should be noted that candidate |ocations for seagrass transpl ant-
ing are limted by certain physical factors (i.e., large waves or |ow salin-
ity). It is recomrended that a nonitoring survey be conducted before a
decision to transplant is made. This survey should include neasurenments of
depth, |ight penetration, salinity, tenperature, erosion and deposition rates,
currents, and wave conditions. Surveys should be conducted as frequently as
possi bl e and shoul d enconpass seasonal variation (Fredette et al. 1986). If
the project is large, then it is prudent to establish and nonitor pilot plant-
i ngs before the full-scale project is begun

b. Physi cal Consi derations. Seagrasses are capabl e of danpeni ng waves
and currents, decreasing sedinment transport, and protecting | ow energy shore-
lines for erosion. These plants influence their physical environment by bind-
ing sedinents with dense mats of roots and rhizomes and absorbing current
energy via their flexible strap-shaped | eaves (Figure 6-5). For exanpl e,
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Figure 6-4. Typical seagrass and generalized
nmet hod of naking transplant unit.

Fonseca et al. (1982) report nearly 118 cubic yards (90 cubic neters) per
hectare (2.5 acres) of sedinment capture in a two-year old eelgrass planting.

C. Bi ol ogi cal Consi derations. Seagrass neadows serve as nursery sites
and primary habitat for numerous fish and invertebrate species of both commrer-
cial and ecol ogical inmportance and as feeding sites for wading birds and over-
wintering water fow . Seagrasses are an inportant part of the food chain
base, influencing estuarine and nearshore production well beyond the physica
boundari es of the meadows.

d. Sunmary. Though seagrass neadows danmpen waves as they approach the
shore and capture sedi nents, seagrass plantings al one are sel dom consi dered an
adequate shore protection alternative. However, plantings can be a viable al-
ternative when used in conjunction with other shore protection nmeasures. Sea-
grass planting technol ogy can al so be used for the repair or replacenment of
seagrass neadows that have been damaged or displaced by the construction of
ot her erosion control alternatives.
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Figure 6-5. Sedinment capture in seagrass neadow
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CHAPTER 7

BE\M RONMBENTAL MON TAR NG
7-1. Mbnitoring Program
a  General .

(1) Mnitoring refers to the overall process of data coll ection,
analysis, and interpretation of either short-term immedi ate inpacts, or
| ong-termchanges over the life of a project. This chapter covers only
the coastal aquatic/narine habitat. Readers should refer to BEM
1110-2-5026, Chapter 16, if interested in nonitoring wetland/terrestrial
birds and mammal s. Environnental nonitoring is usually conducted for
several purposes as described bel ow

(2) Mnitoring activities are used to docunent conpliance wth
standards, control the inpacts of construction and operation of projects,
eval uate predictions fromthe pl anni ng phase, and gui de any necessary
renedi al work. These predictions are found in the environnental effects
section of the project Environnental Inpact Satenent or environnental
assessnent, and relate to changes expected to result fromthe project.
Before and after neasurenents are then conpared to establish the accuracy
of project predictions. Predictions nay be either qualitative, such as a
change in fish stomach content, or quantitative, such as a 20 percent
reduction in crustacean bionass. Quantitative predictions are of greater
value in that threshold | evel s can be set at which an inpact (reduced
crustacean bi onass) can be deened significant. If a predi cted change does
not occur, or if an unexpected changed does occur, either is an indication
that the predictor nodel ) is faulty. However, the nodel nay not be
totally at fault because of the dynamc systemit is attenpting to
predict. Athough the nonitored predictions cannot be redone for the
existing project or activity being nonitored, predictive procedures can be
inproved for future projects.

(3) Mnitoring is also used to determne if project operation neets
water quality or other environnental standards. Goordination wth other
agencies or groups and examnation of the Environnental |npact S atenent
and |l egal requirenents (consent decrees, stipulations, rules and
regul ations, etc.) wll usually reveal areas in which nonitoring nay be
desirable. Mnitoring should be limted to paraneters that provide
infornation about issues of genui ne concern and shoul d produce i nfornation
(data) that can be conpared agai nst environnental quality criteria that
exist either in Federal or Sate regulations or that are negotiated and
establ i shed for the specific project.

(4) Project operations may al so be nonitored to assess their effects
on cultural resources. This nonitoring, if appropriate, shoul d include,
but not be limted to, soil erosion and accretion rate in, on, and around
cultural resource sites, water table increases or decreases, and
vandal i sm Vandal i smprotection devices such as cover, fencing, and
naski ng devi ces shoul d be eval uated for effectiveness. Such nonitoring
nust be tailored to specific site requirenents.
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b. Setting Objectives.

(1) The nost essential part of an environnental data collection and
anal ysis effort is the establishment of clear and concise objectives. |If not
done, the net result is often a mass of data that defies rational analysis, an
inability to solve the problemfor which the data were generated, and a waste
of nmoney and effort. Wthout good objectives, any data collection/analysis
effort faces a high probability of failure or the collection of unnecessary or
wort hl ess data. Phenicie and Lyons (1973) present a |ogical and conplete
approach to setting objectives; the approach is applicable to all fields of
st udy.

(2) A good objective is a specific action or activity, not a goal or
wi sh. It places bounds on the work to be done, excluding nonapplicable or un-
necessary efforts. Wording of an objective should be clear, concise, and sim
ple. An objective nust be realistic and therefore attai nable, and neasurable
to allow evaluation of results and devel opnent of concl usions.

(3) Because of different objectives and environnental circunmstances,
scopes of nmonitoring prograns need to be carefully devel oped on a case-by-case
basis and are rarely identical for different projects.

cC. Control s.

(1) Monitoring program design should provide for adequate controls.
Data on baseline conditions serve as a tenporal reference, and reference site
data serve as a spatial reference.

(2) A set of baseline data is required to neasure change. By defini-
tion, baseline data must be collected prior to the construction, dredging, or
ot her environmental disturbance of interest. Depending upon study objectives,
these data may or may not need to be collected over a multiyear period to | es-
sen the statistical inmpact of the variability in natural systems. The use of
a "typical year" may not be a valid approach because "typical years" may not
be definable. The changes that occur in a systemnmay not occur in a single
annual cycle but may require several years to detect. However, data collected
over any given year may still be valuable conpared to the collection over part
of a year or no collection at all

(3) Reference sites representative of without-project conditions should
be included in the monitoring programif at all possible. The purpose of ref-
erence sites is to evaluate changes that occur through time but are not re-
lated to the project. Wthout reference sites it is often very difficult to
establish that observed changes are project related, and a question may renain
as to whether natural variability or other perturbations were responsible for
observed changes. In sone cases, it may be possible to control for other per-
turbations by establishing nore than one reference site. Reference stations
may al so be used to ensure that changes which occur within some designated
boundary around an activity remain restricted within that boundary. Stations
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may be situated in such a way that those nearer the activity would be inpacted
if the boundary was exceeded.

d. Quantitative Data. |f the study objectives call for scientifically
and | egal |y defensible concl usions, baseline nonitoring and reference data
shoul d be quantitative and the experinental design such that hypotheses con-
cerning change can be statistically tested. Quantitative data sufficient for
application of statistical tests are often expensive to obtain, a fact which
underlines the prerequisite for well-defined objectives and inportance of
careful selection of paraneters for neasurenent.

e. Renedi al Action. The nonitoring program design should include con-
sideration of potential renmedial action either during or follow ng construc-
tion. If a desirable change does not occur or if an undesirable change is
detected, this information is of little value unless a remedy is provided.
The only positive result would be the | esson |learned if a remedy is not pro-
vided. OF course, should a predicted change not occur or an unexpected change
be observed, it is an indication that the predictive procedure was not accu-
rate. In many cases, environnental processes are conplex, and their inter-
actions sonetimes are not well understood. In such a case, understandi ng of
t he processes and interactions can serve as a useful feedback mechani smindi -
cating a need for nore environnental data and a need to nodify and inprove the
predi ctive procedure.

7-2. Data Collection. This section provides general guidance necessary to
pl an an environnental nonitoring programthat will neet stated objectives of
the study design. The npst critical aspect of data collection is selecting
proper parameters to sanple and nmeasure in order to address identified

probl ens.

a. Primary Consideration. The quality of the information obtained
t hrough the sanpling process is dependent upon these factors: collecting
representative sanples, using appropriate sanpling techniques, protecting the
samples until they are anal yzed (sanple preservation and handling), accuracy
and precision of analysis, and correct interpretation of results. O her
factors inpacting on the sanpling process are tine, cost, and equi pnment con-

straints, which will limt the anbunt of information that can be gathered.
Under such conditions, careful tailoring of the nmonitoring programis
required. It will often be necessary to focus on a single basic objective

rather than dilute available effort on tangential questions such that none are
conpl etely resol ved.

b. Representative Sanpling. The purpose of collecting sanmples is to
acquire the basis for adequate representation and definition of the cultural
physi cal, chenical, or biological characteristics of the project area environ-
ment. To do so requires that sanpling be conducted or sanples be taken in
| ocations which are typical of ambient conditions found at the project site.
Failure to obtain sanples that are truly representative of a given |ocation
will result in inaccurate data and m sinterpretations.
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C. Sanpling Site Selection and Location. The follow ng factors should
be considered in sanpling site sel ection:

(1) Objectives of the study.

(2) Accessibility of the site.

(3) Physical characteristics such as tides (consider extrenmes in anpli-
tude, duration, and velocity), currents (m xi ng processes), salinity (means
and extrenes), and presence of vegetation.

(4) Avail abl e personnel and facilities.

(5) Cost or funding limtations.

(6) Past history and past studies conducted at or near the site.

(7) Type sampling proposed (random stratified, or systematic).

d. Nunber of Stations. If reference areas, control areas, or former
study sites are to be sanpled for conparative purposes, nultiple stations
shoul d be sanpl ed. Sanple conposition fromthese areas will also be variable

and cannot be defined based on single sanples. If habitats or cultural hori-
zons to be sanmpled are known to be heterogeneous, then stations should be
allocated to strata (area of uniformty, such as depth, substrate type, and
veget at ed versus unvegetated) in proportion to spatial coverage of each stra-
tum (e.g., stratified sanpling). Therefore, nore stations would be required
to monitor inpacts in physically, ecologically, or culturally conplex

envi ronnents.

e. Nunber of sanpl es.

(1) CGuidance in this section is limted to general concepts. First, the
greater the number of sanples collected, the better the sanpled paraneters
wi Il be defined. Second, on the other hand, the greater the number, the
| arger the cost; hence some reasonabl e conprom se nust be defined. Third, the
mean of a series of replicated neasurements is generally a better estinmate of
actual site conditions than any individual neasurenent. Fourth, statistics
generally require calculation of two characteristics, usually a nean and a
standard devi ati on, because single neasurements are inadequate to describe a
sample. Fifth, the necessary nunber of sanples is proportional to the source
het erogeneity.

(2) Consideration of the above factors suggests that replicate sanples
shoul d be collected at each station |location and that a nminimum of three rep-
licates are required to cal cul ate standard devi ati ons. Beyond the replication
at a single point, the factors listed above do not limt the nunmber of sanples
needed since the nunmber of sanples depends on site-specific heterogeneity
(distribution pattern) and the desired | evel of source definition (degree of
preci sion). The total number of necessary sanples is controlled by the type
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of dispersion pattern displayed by the organisns or habitat units to be sam
pl ed (random aggregated, uniform (Figure 7-1) and the |level of precision
desired. Additional information regarding "nunmber of sanples" can be found in
Elliott (1977), Green (1979), and Snedecor and Cochran (1967).
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Figure 7-1. Three possible distribution
patterns

(3) Arapid nethod for determ ning nunmber of sanples necessary when in-
vestigating a biological population is to calculate the cunulative nean of a
few sanpl es obtained in a pilot survey. A cumulative nean (or running aver-
age) consists of taking the average of sanples 1 and 2; then of sanples 1, 2,
and 3 (first, second, and third, etc.); then of sanples 1, 2, 3, and 4 (and so
on), until all sanples have been included. If the results are displayed (Fig-
ure 7-2), the plot of nmean values will stabilize as nore and nore sanples are
included. In a population with a uniformdistribution (when the variability
is low), the nean stabilizes nore quickly and in random popul ati ons | ess
quickly. In the cluster distribution pattern, the cumul ative mean val ue sta-
bilizes nobst slowy and never stops fluctuating, although as can be seen in
Figure 7-2, after about 15 sanples the data begin to stabilize. In the illus-
trated exanples, 8 to 10 sanples would be mnimally adequate to describe the
random y distributed popul ati on, whereas at |east 15 to 20 sanpl es woul d be
required for the clustered popul ation.

(4) A nore sophisticated technique for estimating the nunmber of sanples
is described by Geen (1979). A prelimnary or pilot survey is taken fromthe
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Figure 7-2. Cunul ative neans cal cul ated for a random and
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popul ati on, and individual counts are made from each collection to calcul ate
the sanpl e nean and standard deviation. The following forrmula is then used:

Xt =

* f1-(/e 2

where x is the sanple nmean, t is the t statistic, is the significance
level, s is the standard deviation, and n is the nunber of sanples. For
exanpl e, assunme that an investigator wishes to estinmate the nmean density of a
species in a population within 10 percent of the actual nunber and with a

[ -in-20 chance of being wong (0.95 confidence Iimts). The t value is un-
known and is a function of n-1 degrees of freedom however, for |arge sanple
sizes, t is a weak function of n and is approximately 2. If it can be es-
timated, then the formula can be solved for n . Refer to Green (1979) for an
addi ti onal expl anation.

(5) An additional factor which will serve to linit the nunber of sanples
is financial resources. For exanple, the number of sanples upon which bio-
assays can be perforned is determined by the ratio of available dollars and
cost per sanple:

Dollars available
Cost per sample

Maximum number of samples =

This approach will provide one nmethod of estimating the nunber of sanples that
can be collected and anal yzed. However, should the cal cul ated nunber of sam
pl es not be sufficient to establish an adequate sanpling program (i.e., the
nunber of sanples is insufficient to allow replicate sanpling at all |ocations
indicated in para 7-2e) one of the following options will have to be consid-
ered. The first option is to reduce the replicate sanpling at each station.
This option will allow the distribution of a parameter within the project area
to be determ ned, but variability at a single sanpling station |location could
not be cal cul ated. The second option is to nmaintain replicate sanpling but
reduce the nunber of sanpling stations. This option will result in the

project area being | ess well-defined, but sanpling variability can be cal cu-

| ated. The consideration of these two options should be based on project-
specific goals. If the first option is used (nore stations but fewer

replicates), the results will provide a better indication of distribution pat-
terns in the project area, but it will be difficult to conpare individua
stations. |If the second option is used (fewer stations but nore replicates),
the results will provide a better indication of variability at a given station
and will inprove conparison between sanpling stations. However, the project
area will be less well-defined. Athird option is, of course, to increase the
financial resources available for sanple analysis. This option will increase

t he nunber of sanples that can be collected and analyzed in order to establish
an adequate sanpling program

(6) It is suggested that consideration be given to collecting sanples
(stations and nunmbers) in excess of that determ ned by the above process. The
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sanmpl es do not have to be anal yzed and may even be di scarded | ater w thout

anal ysis. Shoul d sanpl e analysis indicate abnormal results, it is easier and
ultimately | ess expensive to anal yze additional sanples on hand rather than to
renobilize a field crew. Also, the additional and potentially confounding
variable of different sanpling tinmes is avoided with this approach

f. Frequency of Sanpling. Frequency of sanpling will depend on the
original objectives of the nmonitoring program the availability of resources,
and the size of the project. Seasonal fluctuations of physical and biol ogica
paranmeters may be or may not be suspected or known; therefore, seasonal sanp-
ling may be required. A sanpling frequency of once per year may be sufficient
for an annual nai ntenance project, unless there is a reason to believe other-
wi se (e.g., some mgjor change in point sources or basin hydrology). If subtle
i npacts are to be detected, then long-termquarterly or nore frequent sanpling
may be required to overconme the masking effect of w de seasonal and annua
variation in the natural system

g. Sanpl i ng Equi prrent. Sanpling equi pment shoul d be sel ected based on
the reliability and efficiency of the equi pnent and on the habitat to be sam
pl ed. Several types of water and sedi ment sanplers used in the coastal zone
are described in Table 7-1. The water colum and sediments are frequently
stratified vertically as well as horizontally, and this source of variability
shoul d be consi dered when choosing a nethod of sanpling (i.e., grab versus
corer). Additional techniques and equi prent available to nmeet the particular
needs of beach and rubble structure sanpling are discussed in the follow ng
sections.

h. Sanpl e Preservation.

(1) The inmportance of sanple preservation between tine of collection and
time of anal ysis cannot be overenphasized particularly for water quality pa-
raneters. The purpose of collecting sanples is to gain an understandi ng of
the source (point of origin) of the sanple; any changes in sanple conmposition
can invalidate conclusions regarding the source of the sanples. Results based
on deteriorated sanples negate all efforts and costs expended to obtain reli-
abl e dat a.

(2) The nost effective way to ensure a |ack of sanple deterioration is
to follow instructions in the appropriate manuals or to analyze the sanples
i medi ately. However, this method nay not be practical, and preservati ons may
have to be used to assure the integrity of the sanples until the anal yses can
be conpleted. In taking this approach, it must be renenbered that conplete
stabilization is not possible and no single preservation technique is applica-
ble to all paraneters.

(3) Preservation is intended to retard biol ogi cal action, hydrolysis,
and/ or oxidation of chemi cal constituents, and reduce volatility of constitu-
ents. Refrigeration in an airtight container is the only acceptable nmethod to
preserve sedi nents for bioassays. The el apsed tinme between sanple collection
and sanpl e preservation nust be kept to an absol ute m ni mum
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TABLE 7-1
Sedi ment Sanpl i ng Equi pnent
Sanpl er Wei ght Remar ks
Pet er son 39-93 I b Sanpl es 144-in, area to

depth of up to 12 in.
dependi ng on sedi nent

texture

Shi pek 150 Ib Sanples 64-in. area to a
dept h of approximately
4 in.

Ekman 91b Suitable only for very

soft sedi nents

Ponar 45-60 | b Sanples 81-in. area to a
depth of |ess than
12 in. Ineffective in
hard cl ay

Rei neck box 1,650 Ib Sanples 91.3 in. to a
depth of 17.6 in.

(4) The effects of transportation and preservation of sedi ment sanples
have not been fully evaluated. However, it is suggested that sedi nent sanples
shoul d be sealed in airtight glass containers to preserve the anaerobic integ-
rity of the sanple and maintain the solid phase-liquid-phase equilibrium

(5) Animals stored in the field should be preserved with a buffered
10 percent formalin-seawater solution stained with rose bengal. If stored for
a period of time greater than three nonths, the benthic sanples should be
transferred to 70 percent isopropyl alcohol. After identification and enumer-
ation, voucher specinens should be archived in 70 percent isopropyl alcohol
Ref erence col | ections should be maintai ned for reasonabl e postproject periods
for quality control insurance (e.g., cross checking of taxononic identifica-
tions should questions arise).

i Sanpl i ng Beaches and the Nearshore Zone.
(1) Sanpling nethods.
(a) There have been few quantitative studies of the communities al ong

hi gh- energy coastal beaches because these areas are difficult and hazardous to
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sampl e. The Coastal Engi neering Research Center (CERC) published a report
that provided a standardi zed system for sanpling macroinvertebrates on high-
energy sand beaches (Hurnme, Yancey, and Pullen 1979). This report suggests

t hat sanmpl es on the upper beach be taken by excavating 0.1-square-neter
quadrats with a trenching shovel and sieving the sanples through a
0.5-mIlinmeter nesh soil sieve. Conpaction of the upper beach sedi ments can
be measured in situ as a function of penetrability with a cone penetroneter.
In the surf zone, a coring device generally provides a better and nore consis-
tent sanmple of the infauna (living in the sediments) than grabs or dredges.
Beyond the surf zone, in deeper water, cores, grabs, and dredges may be used.
Cores taken by a diver applying the quadrat techniques yield the nost consis-
tent quantitative sanples (Figure 7-3). Trawl s and beach seines are |ess
quantitative, but they provide sanples that are useful in interpreting bio-

| ogi cal changes in nektonic and epi benthic communities.

(b) When working in the surf, divers should use a transect line to stay
on station (Figure 7-4); range markers on the beach are also hel pful for keep-
ing divers on station. Sanples are generally collected along lines or tran-
sects perpendicular to the beach or parallel to the depth contours, depending
upon objectives, and are stored in plastic bags, |abeled, and preserved.
Sorting of the animals fromthe sedinents is done on the beach or in the
| aboratory. The animals preserved are later identified and counted.

(c¢) In clear water beyond the surf zone, diver observations and under-
wat er phot ographs provi de additional information on the epifauna (living on
the surface of the bottom) that supplenents core sanples (Figure 7-5). Divers
can observe and count attached reef animals, burrowi ng and reef fish which
tend to be territorial, and pelagic fish.

(2) Sanpling design. Sanpling plans for a specific area depend on the
nature and magni tude of the project, the use and purpose of the data, and the
animals to be evaluated. The animals may be sessile or notile with popul a-
tions that vary seasonally and distributions that are random or cl ustered.
Refer to paragraph 7-2 for sanpling design. In npst cases, quantitative
studi es of the beach and nearshore will concentrate on the benthic conmunity,
especially the infauna. Epifauna and flora are usually not conspicuous on
beaches. The foll owi ng are general sanpling design guidelines for the beach
and nearshore zone.

(a) The infaunal sanpling device should be reliable and accurate. It
shoul d ensure consistent substrate penetration, no | oss of sanple during
retrieval, and mnimal variation between sanple sizes. Refer to Table 7-1 for
typi cal benthic sanpling devices.

(b) Sieve size for processing benthic (infauna) animls should be
sel ected to ensure conplete retention of macrofauna (Reish 1959, Hur e,
Yancey, and Pullen 1979). By convention, a 0.5-millinmeter mesh sieve is
recormended for quantitative macrobenthic collections.
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Figure 7-3. Core sanpling at sandy-bottom stations
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Figure 7-4. Diver using transect line in the surf
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(c) The nunber and the |ocations of stations should be chosen carefully
bef ore the project begins. Addition and deletion of stations should be
avoi ded as much as possible. The number of stations should be adequate to
address spatial variability of the infauna.

(d) Replications should be adequate to account for variability within
station fauna and to collect the majority of the species inhabiting the study
site. Refer to paragraph 7-2e on replicate sanpling.

(e) There should be a sufficient temporal frequency of sanpling to
address seasonal variations in the physical and biol ogical paraneters.

(f) Sanmpling nethods for
be consi stent and conparabl e.

pre," "during," and "post" construction should

(g) Because taxononic identification is one of the costliest exercises
in a nonitoring program |level of identification of aninals should be no
greater than required by the stated objectives.

(h) Consistency in all procedures (sanpling nethods, sanple processing,
sanmpl e preservation, and sanpl e anal ysis) shoul d be mai ntai ned.

(3) Manpower requirenents. Manpower estimated for collecting, process-
i ng, and anal yzing benthic data varies depending on the |ocation of sanpling,
site conditions and areal extent, nunmber and type sanples to be taken, the
size of animals collected (nmacrobenthos or neiobenthos), and the |evel of
taxonom c identification. As a general rule, project time for an assessnent
can be prorated as follows: field tine - 10 to 25 percent; sanple processing
- 50 to 75 percent; data analysis - 5 to 10 percent; and preparati on of an
assessment docunent - 10 to 20 percent. Picking (separating benthos from
sedi nents and debris) and sorting macrobenthic sanples generally takes 1 to
4 hours per sanple dependi ng on whether or not the sediment is fine or coarse
and whet her the benthos are rare or abundant. Processing tine, which includes
taxonom ¢ identification, counting, and weighing varies from1l to 4 hours for
beach sanples with 25 to 75 species and 6 to 10 hours for nearshore sanples
with 200 to 300 species.

j- Sanpl i ng rubbl e structures. Although they provide excellent habitat
for many fishes and shellfishes, rubble structures present difficulties in
assessi ng these resources. The exposed arnor |ayer of rubble structures
creates an extrenely rough and irregular surface such that obtaining biol ogi-
cal sanples of standardized volume, surface area, or other unit of habitat
nmeasure becomes a distinct problem Specific biological sanpling nethods of
potential application to rubble structure assessnment are recommended bel ow

(1) Sanpling epibenthic conmunities.
(a) Line transects. Van Dolah et al. (1984) used the follow ng proce-

dures to estimate the percent coverage of sessile biota on jetties at Murrells
Inlet, South Carolina. Their nethodol ogy was adapted fromline transect
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t echni ques descri bed by Loya and Sl obodkin (1971), Porter (1972a-b), and Loya
(1972, 1978). A clear plastic strip with 15 inscribed marks at 2.5-centineter
intervals along its edge is placed against the rock surface. Al organisnms
found directly under each mark (point) are identified and recorded. To accom
nodat e the patchy distribution of nany organisms on the same rock as rel ated
to the rock’s orientation, assessments are made on each of the seaward, |and-
ward, outer, inner, and top surfaces of structure quarrystone at a station.
The transect strip is always positioned horizontally on sloping or vertica
rock faces. ldeally, the strip should be placed random y upon each rock face
rather than sel ecting areas of high-organi smdensity. Nonrandom pl acenent
woul d introduce bias into the sanpling. If nore than one species is present
under a point, all are recorded. At each station on the structure, sanples
are taken at predetermi ned el evations, including subtidal, intertidal, and
supratidal |levels. Percent cover estimates are then cal cul ated based on the
percent age of points each species occupied at a level or at a station.
Because this procedure may result in estimtes of total biota coverage of over
100 percent (nore than one species can contribute to coverage at any given
point), total biota coverage is adjusted by subtracting the estimted percent
of unoccupi ed space from 100. For in situ observations, individual rocks can
often be renoved fromthe appropriate depth and brought to the surface for
exam nation. Organisns unidentifiable in the field should be preserved and
taken to the laboratory for identification.

(b) Scrape sanpling. Manny et al. (1985) documented periphyton col oni -
zation of a rubble-mound jetty in Lake Erie. Sanples were obtained with a
bottl e-brush sanpler as described by Dougl ass (1958). Each sanpl e covered
12.56 square centineters (5.0 square inches) of rock surface. At a given sta-
tion replicate sanples can be taken and dedicated to separate anal yses such as
bi omass estimation, taxonom c identification, and chlorophyll content
det ermi nati on.

(c) Quadrat sanpling. Johnson and Dewit (1978) used randomy pl aced
quadrats to characterize the biomass and densities of nacrobenthic species
assenbl ages on a rubbl e-nmound island at Punta Gorda, California. Sanples from
subtidal and lower intertidal elevations were taken by using a 0.25-square
meter (10.0-square-inch) quadrat, whereas sanples in the upper intertidal zone
were taken with duplicate 0.1-square-neter (40.0-square-inch) quadrats.
Nunmbers drawn from a random nunbers table, used as vertical and horizonta
di stances from fixed points on the structure, determ ned the |ocation of each
sampl e. Divers nmeasured the specific distances along a steel tape neasure,

t hen dropped the quadrat behind themin order to nmininize sanpling bias in

pl acenent. To arrive at estimtes of density, nunbers of percent coverage
(estimated visually) were recorded for each species in each quadrat. Al

det achabl e biota were renoved and pl aced in | abel ed plastic bags for weighing
in the |aboratory. Subsanples of encrusting biota were scraped off rock sur-
faces with a steel chisel and hamrer, then collected with a slurp gun (suction
apparatus consisting of a plastic tube plunger system fitted with a collect-

i ng chanber lined with plankton netting. Contents of the chanber were then
processed with the bi omass sanpl es. Quadrant sanpling can be adapted to ot her
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habi tat types, including coral reefs, seagrass beds, and epi benthic communi-
ties that may occur in project areas.

(d) Suction sanples. Mdtile epifauna can be sanpled with devices such
as slurp guns (Van Dol ah et al. 1984) and punps (Manny et al. 1985). Repli-
cate or pool ed sanples can be taken with slurp guns by standardi zing the num
ber of pulls of the plunger rod. A flexible gasket around the opening of the
slurp gun barrel can inprove the fit of the device when placed agai nst an
uneven rock surface. Holes drilled in the base of the barrel and covered with
fine mesh netting allow water to enter as the plunger is pulled, creating
suction through venturi action. The volune of water and surface area of rock
sampl ed can be calculated fromthe internal volune of the device and the bar-
rel opening dianeter, respectively. The punp sanpler used by Manny et al
(1985) consisted of a gasoline-powered centrifugal punp fitted with a
5-centineter-1D (inside dianmeter) hose. Incom ng water passed through a
screen head with 9-mllineter openings. Replicate three-ninute punp sanples
were taken at each station, then filtered through standard nmesh-size sieves.
Sanpl es were obtained by placing the intake hose in the interstices anong the
rock rubble. Thus, data were conpared on a catch per unit effort basis
because t he absol ute anmount of surface area sanpl ed was unknown.

(2) Sanpling nekton. Assessnment of fish and shellfish popul ati ons near
rubbl e structures requires care to avoid the hazards of foul ed nets and traps
on the structures thensel ves.

(a) Nets and traps. If the bottomtype is suitable, conventional traw -
i ng techni ques can be used to sanple denersal (bottom dwelling) fishes and
shel I fishes in the vicinity of rubble structures. Trawling would not, how
ever, adequately sanple nekton above the bottomand in the i medi ate area of
the structures. Baited traps can be set directly on the rock surfaces but
suffer frominherent selectivity in catch and susceptibility to | oss during
turbul ent wave conditions or due to vandalism Traps nmay be useful for
assessment of specific target species (e.g., of commercial or recreationa
val ue) such as crabs or fishes intinmately associated with the rubble substra-
tum |In many cases, an appropriate gear type would be gill nets. Properly
set, gill nets can be used to sanple the water columm i medi ately adjacent to
a structure (generally set perpendicular to the axis of the structure) and can
be set either high or lowin the water colum. Gl nets are |less useful in
deep wat er because the proportion of the water depth range sanple of the net
is less. ldeally, the same gear should be used at all sanpling |ocations to
avoid problens in conparing catch per unit effort data.

(b) Diver observations. Where water clarity conditions allow, under-
wat er visual census techniques can be applied to assessnents of rubble struc-
ture fish popul ations. A nunber of standard transect or point count
techni ques can be nodified for use by sw nmmer-observers (Jones and Thonpson
1978, Clarke 1986). Detailed studies of the fish fauna associated with rubble
structures have been acconplished by divers (Hasting 1979, Stephens and Zerba
1981, Lindquist et al. 1985).
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7-3. Habitat Assessnment. In resource managenent deci sion maki ng, questions
that arise in the environnmental review process can differ in specifics but
have a fundamental theme: WII a project result in unacceptable changes in
the functional "value" of the habitat involved? Two habitat assessnent tech-
ni ques and a series of marine and estuarine species profiles are available to
assist in answering this inportant question.

a. Habi t at Eval uati on Procedures.

(1) Habitat-based eval uati on procedures are designed to docunent the
quality and quantity of habitat available for aquatic and terrestrial animals.
These procedures can be used to conpare the relative value of different areas
at the sane time (baseline studies) and/or the relative value of one area at
different points in time (inmpact assessment), e.g., present conditions to fu-
ture conditions. The effect of a project or environnmental disturbance on ani-
mal s can thus be quantified and di spl ayed. One such procedure, the Habitat
Eval uati on Procedure (HEP), has not been applied frequently in estuarine!
mari ne settings, although Cordes et al. (1985) provided one published exanple
for Mobile Bay, Al abama. The linmited application of HE? in coastal environ-
ments is primarily due to the small number of Habitat Suitability |Index (HSI)
nodel s avail able for estuarine species (zero for marine species), and concerns
over the sensitivity of HSI nodels in docunmenting inpacts of Corps of Engi-
neers activities on estuarine/ marine species (Nelson 1987).

(2) HEP is conputerized for use in habitat inventory, planning, manage-
ment, inpact assessnment, and nmitigation studies. The method consists of a
basi ¢ accounting procedure that outputs quantitative information for each
speci es eval uated. The information can pertain to all |life stages of a spe-
cies, to a specific life stage, or to groups of species. A HEP analysis
i ncludes the following (Refer to US Fish and Wldlife Service 1980b
Armour et al. 1984, and O Neil 1985 for guidance and suggesti ons on conducting
a HEP anal ysis.):

(a) Scoping. Scoping includes defining study objectives, delineating
t he boundary of the study area, and sel ecting aquatic eval uation species. The
sel ection of eval uation species can be based on ecol ogi cal inmportance, inpor-
tance for human use (e.g., sport or conmercial fishing), or other factors,
i ncluding | egal protection status.

(b) Devel opment and use of Habitat Suitability Index nodels. An HSI
nodel can be in one of several forns, including equations for standing crop or
harvest, mathematical and nonmat hemati cal mechani stic nodels that involve
aggregations of variables that affect life requisites of a species, pattern
recognition nmodels, or narrative (word) nodels. The nechanistic nodel (Fig-
ure 7-6) is a commonly used nodel and requires devel opnent and use of Suit-
ability Index (SlI) curves (Figure 7-7). The tree diagramin Figure 7-6 ill us-
trates the relationship of habitat variables and life requisites to the HSI
for juvenile Atlantic croaker (Diaz and Onuf 1985). The val ue of each vari -
able (V, is determined froma suitability curve as shown in Figure 7-7. HSI
nodel s published by the US Fish and WIldlife Service (Schanmberger et al. 1982)
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Figure 7-7. Suitability index curve for substrate type for

juvenile Atlantic croakers Habitat Suitability
I ndex nodel (Diaz and Onuf 1985)

shoul d be eval uated by users to determine if they neet site-specific require-
ments. |f the requirenents are not nmet, the nodels can be nodified or the
user can devel op new nodel s for application. Guidance for devel opi ng HEP
nodel s is presented in "Standards for the Devel opnent of Habitat Suitability
I ndex Model s" (US Fish and Wldlife Service 1981). Availability of nodels is
regul arly updated in an instruction report by O Neil (1985).

(c) Baseline assessnent. Existing or baseline HU s are quantified
within the study area for each evaluation species. HU s are derived by
delineating the area of each habitat type for each eval uation species and then
mul tiplying the area by its average HSI (HSI x area = HU). The nunber of HU s
in the study area for an eval uation species is derived by sunm ng the individ-
ual HU s for all habitat types and locations that provide habitat for the
species for a particular life stage within the study site (Arnour et al
1984).

(d) Inpact assessnent. Target years are designated at specific points
in tinme throughout the |ifespan of the proposed project or study. A target
year is defined as a specific year for which habitat conditions can be pre-

di cted and eval uated. Target years should be selected for points in tine when
rates of loss or gain in HSI, or area of available habitat, are predicted to
change. The val ues for habitat variables for eval uation speci es nust be pre-
dicted for each target year. Therefore, the planning agency nust be able to
predi ct habitat conditions for each alternative at each target year

(e) Mtigation. Because HEP can be used to quantify | osses resulting
from proposed projects or construction activities, it can be used in nitiga-
tion studies. Habitat | osses are determ ned, and the areas or neasures desig-
nated for conpensation are evaluated for various nmanagenent alternatives to
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determ ne habitat gains. Partial or full conpensation or enhancenent to fish
and wildlife habitat can be quantified. The anal yses can be for in-kind com
pensation (one HU is provided for each HU |l ost for an eval uation species),
equal replacement (a gain of one HU for a species to offset the |oss of one HU
for another, equally inportant, species), and relative trade-off.

(f) Decision on course of action. After the HEP analysis is conpleted,
information is prepared for evaluation and use by decision makers and shoul d
i ncl ude conpl ete and cl ear docunentation

b. Bent hi ¢ Resources Assessnment Techni que.

(1) Procedures have been devel oped at the US Army Wat erways Experi ment
Station that use benthic characterization information to produce seni quanti -
tative estimtes of the potential trophic value of soft-bottom habitats.

These procedures are called the Benthic Resources Assessnent Techni que (BRAT).
As presently configured, BRAT can be applied under any circunstances in which
the pre- or post-project fishery value of an unvegetated soft bottomis an

i mportant issue. Although developed prinmarily for application to subtida
estuarine and coastal marine systens, it nay be feasible to apply the BRAT to
eval uations on unvegetated intertidal or shallow subtidal bottonms as foraging
habi tat for wadi ng birds and sone waterfow .

(2) In essence, BRAT estimates the anopunt of the benthos at a given site
that is both vul nerable and available to target fish species that occur at the
site. Here "vul nerabl e" and "avail abl e" are the key words. Different species
of bottom feeding fishes, by virtue of their particul ar norphol ogi cal, physio-
| ogi cal, and behavi oral adaptations, can detect, capture, and ingest only a
portion of the total benthos present. According to optiml foraging theory,
fishes should feed on those food itens which afford the greatest net
nutritional/caloric benefit for the required energy expenditure for search
capture, and handling of prey. Thus, the optimal diet will depend on the
abundance of the prey item its size relative to the predator, its spatial and
temporal distributions, and its defensive adaptations (canouflage, burrow ng
behavior, etc.). Bottomfeeding fishes will consune different prey at differ-
ent |ocations and during different seasons, reflecting those vul nerable prey
items that happen to be situated where they are available for capture. In the
BRAT, vulnerability is taken to be a function of the depth of the prey’s |oca-
tion bel ow the sedinent-water interface. Both factors, vulnerability and
availability, are estimted by exami nation of the diets of target predatory
fishes.

(3) The overall BRAT approach is quite sinple. Figure 7-8 depicts a
flow chart of the major steps of the BRAT up to the point at which statistica
and nurerical anal yses cone into play. Benthos and fishes are collected si-
mul t aneously at the project site. Benthos are retrieved using a nodified box-
corer which enables the obtained sedinment core to be partitioned into vertica
depth intervals. The benthos are then renoved and segregated according to
their respective depth intervals. After separation fromthe sedinents, the
bent hos from i ndividual depth intervals are sorted into major taxonom c
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Figure 7-8. Benthic resources assessnent techni que (BRAT)
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categories, then passed through a series of standardi zed nmesh-size sieves.
Each size fraction is then wet-weighed. At this point, the vertical distribu-
tion by size and weight of all potential food itenms has been established.

(4) Fishes that have been coll ected by conventional trawing nmethods are
measured (standard | ength) and separated into size classes. Stomach content
sampl es for fishes within each size class are pooled, then treated in a manner
identical to the benthic sanples. First, the food itenms are sorted into major
t axonom ¢ categories, then sieved into standardi zed size classes, and finally
wet - wei ghed. Thus, there is a record of the size of prey items and the rel a-
tive proportions of prey itenms utilized by bottomfeeding fishes in a project
area at a given tinme. There is also a record of the | ocations of those util-

i zed prey in the sedinent colum. What follows is sinply a means of conparing
the two records (actual food itens eaten and food item size/depth distribu-
tion) to arrive at an estimate of the potential trophic support represented by
a specified area of bottom habitat.

(5) Each size class of fish species will exhibit a particular prey ex-
ploitation pattern, i.e., its diet will be conposed predom nantly of prey
items in a certain size range. This size range nay be either narrow or broad.
For projects at which there are multiple target fish species, and nmultiple
size classes of each species, it will be necessary to use cluster analysis to
assign each predator species size class to a prey exploitation pattern. C us-
ter analysis, also known as ordination, is a nultivariate statistical tech-
ni que which objectively sorts entities (in this case fish species size
cl asses) into groups based on their attributes (sized-sorted prey itens as
used here). Cluster analysis is not an end in itself but rather an expl ora-
tory tool that assists in the recognition of patterns in |large or conplex data
sets. The output in the BRAT is in the formof fish species size classes
sorted into groups having simlar prey exploitation patterns, or feeding
strat egi es.

(6) Next, a second conmponent of prey exploitation to be evaluated is the
vertical foraging capability within the sedi ment colum for each fish species
size class. Qualitative exam nation of each food habitats sanple provides
evi dence of the kinds of prey and their relative abundances. Conparison of
this information with the vertical distribution patterns of these prey in the
sedi nent colum (derived from published reports or fromthe vertically parti-
ti oned box-core sanples) gives an indication of the sedinent depth to which a
particular fish species or guild of species can forage. For exanple, hypothe-
tical group A fish species size classes may eat prey less than 1 millinmeter in
size (vul nerable prey size) and be limted to foraging in the upper 5 centim
eters of sedinment (available foraging zone). The total anmount of benthic bio-
mass potentially exploitable by group A predators can be cal cul ated as the
cumul ative biomass of all food itenms less than 1 nmillineter in size for al
sedi nent intervals down to 5 centinmeters. Because the original box-core
sampl es represented a standardi zed surface area of bottom habitat, an estinmate
of the total amount of food potentially available to group A predators in a
project area can be extrapolated. By repeating this process for all bottom
feedi ng predator groups found in the project area, and taking the sumof their
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expl oi tabl e prey bi onasses, an estimte of the potential trophic support for
all target fish species can be obtained. An exanple of BRAT data tabul ation
is presented in Table 7-2. In this exanple, the potential food value of the
sanmpl ed bottom habitat was found to be 12.3 granms per square neter of vul ner-
abl e avail abl e bi omass. The tabul ati on woul d be repeated for each benthic

f eedi ng predator group.

TABLE 7-2

An Exanpl e of a BRAT Data Tabul ation

Benthic Community Analysis
Proportion of

Prey Vulnerable Biomass in Biomass/ Potential
Taxa Size Available Zone Productivity Food Value
2 2
1 + 100% X 10 g/m = 10 g/m
2 - 0% x 3.1 g/n° - 0 g/m’
2 2
3 + 50% X 1.4 g/m = 0.7 g/m
o o o o o o o
o] o} [} (o] o o] (o]
o o o o o o o
2 2
n + 70% % 2.3 g/m = 1.6 g/m

Total food value = 12.3 g/m2

~

NOTE: The food value in grams per square neter (g/nf) can be converted to
units of energy to conpute potential fish production or to a suitabil-
ity index (actual/optinmm value for input to a HEP anal ysis.

The anal ysis woul d be conducted separately for each predator guild
(guild = n species).

(7) The utility of the BRAT lies in the ability to provide meani ngfu
informati on rel evant to val ue deci sions by the resource manager. The BRAT
does not provide an assessment of the overall status of the habitat but can be
viewed as an in-depth assessment of a single habitat variable, that of trophic
support. As such it may potentially contribute sem quantitative input to
habi t at - based assessnents such as the Habitat Eval uati on Procedures.
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C. Species Profiles. A series of 126 profiles on marine and estuarine
animal s are being prepared for seven United States coastal biogeographic
regi ons (Appendix D). The profiles are designed to provide coastal managers,
engi neers, and biologists with a brief but conprehensive sketch of the biol og-
ical characteristics and environmental and habitat requirements of coasta
species. They will assist the planners in predicting how popul ati ons of
coastal species may react to environnental nodifications resulting from engi-
neering projects. The profiles are jointly devel oped by the US Arny Corps of
Engi neers and the US Fish and WIldlife Service and may be acquired by contact-
ing the Coastal Ecol ogy Group at the Waterways Experinment Station in
Vi cksburg, M ssi ssi ppi

7-4. Data Analysis, Interpretation, and Presentation.

a. Data Analysis Plan and Presentation. A prelimnary idea of the data
anal ysis and presentation techniques to be used should be formulated during
the study design stage. Green (1979) has outlined principles inmportant to
pl anni ng successful study design and data anal ysis. Several techniques are
readi ly available for data anal ysis and presentation.

(1) CQualitative analysis. Results of qualitative analyses are generally
prose statements based on visual observations and perhaps a few neasurenents.

(2) Maps and graphical analysis. Patterns inherent in data can often be
reveal ed by mappi ng or graphing the data. Maps are used to show two- and
t hree-di mensi onal spatial patterns, whereas graphical approaches are npst use-
ful for showi ng tenporal relationships or variations with a single dinension
such as distance or depth. In general, variables can be divided into two
t ypes-conti nuous and di scontinuous (or discrete)--and appropriate map and
graphi cal techniques vary, depending on how vari abl es are nmeasured and
di stri buted.

(a) Phenonena to be mapped may be distributed in a continuous or dis-
crete manner. Discrete distributions are conposed of individual elenents that
are countable or neasurable (individual fish, species of fish, etc.), whereas
with continuous distributions there are no recognizabl e individuals (dissolved
oxygen concentration, turbidity, etc.). Synmbols such as dots may be used to
map discrete distributions to reveal patterns. Discrete data are often con-
verted into densities by dividing counts of individuals (frequencies) by the
areas of the spatial observation units. The results (animls per square
neter, bionmass per square neter, etc.) nay be plotted on nmaps. Patterns are
of ten enhanced by grouping all values into five or six classes and nappi ng
each class with a separate tone or color. Data representing continuous dis-
tribution are usually plotted and contoured to reveal patterns.

(b) Graphic techniques specialized for certain disciplines or types of
data are too nunerous to describe. As with maps, however, graphic techniques
vary with the type of data. Discrete data are often graphed as frequency his-
togranms (or by graphs), with frequencies on the vertical axis and classes or
categories on the horizontal axis. Continuous data are usually plotted as
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curves, with the spatial or tenporal dinmension on the X-axis. Logarithmnc
scal es are often used when the data to be graphed vary over nore than one
order of magnitude. Patterns or trends in irregular curves nay be nore evi-
dent if the data are snmoothed with a noving average or by fitting generalized
mat hemati cal functions to the plotted points. Schmd and Schnid (1979) pro-
vide a thorough review of graphs and charts. Tukey (1977) provides a discus-
sion of graphical snpothing techniques. Tufte (1983) is an excellent source
of ideas on clearly and accurately displaying quantitative data.

(c) More conplex maps and graphs such as three-di nensional contour
plots, trend surfaces, and perspective plots are also useful but nore diffi-
cult to conprehend. Various nmappi ng and geographi cal display options are
avai l abl e as part of npst data managenent systens.

(3) Statistical analysis. Statistical analysis can be used to summari ze
or describe conplex data bases. Statistics can also be used as a fornal
deci si on-maki ng tool to deci de whether neasured tenporal or spatial differ-
ences between sanples are real or whether they may be the result of sanpling
variability. Comrercially avail abl e data managenent systens have options for
conputing and displaying several types of statistics.

(a) Large ampunts of data can be summari zed by cal culating statistics
such as measures of central tendency (nean, nedi an, and node) and di spersion
(standard deviation and range). Statistics can be used to conpare sets of
data to deternmine if differences exist among themand, if so, whether the dif-
ferences are significant.

(b) Fornulas are available for determining if observed differences
bet ween sanpl e data sets are real, or if they may have occurred by chance
because of insufficient sanple size used in calculating the statistics. These
techniques are called significance tests, and theories and formulas for their
use are given in basic texts on statistics and experinmental design. Users
shoul d be cautioned, however, that observed differences nay be statistically
significant and yet not be very neani ngful. Special techniques have been
devel oped or nodified for analysis of biological data, particularly benthic
bi ota data, e.g., Boesch (1977).

(c) Relationships anong variabl es may be explored using correlation and
regressi on anal yses. For exanple, the relationship between the density of a
certain benthic species and certain physical (water depth, tenperature, sedi-
ment grain size, etc.) and chemical (dissolved oxygen, salinity, etc.) param
eters mght be explored using correlation and regression. Basic theory and
formulas for correlation does not inply cause and effect rel ationships.
Kenney (1982) discusses spurious self-correlations that result when two or
nore variabl es have a common term The use of correlation and regression with
several variables should be acconpani ed by a good understandi ng of the basic
assunptions that nust be net in order to use the techniques effectively.

Mat her (1976) presents a thorough di scussion of the basic assunptions of nul-
tiple correlation and regression and of some of the mathematical and data con-
straints that influence results.

7-24



EM 1110- 2- 1204
10 Jul 89

(d) Mbst data managenent systens contain prograns for a variety of
advanced statistical techniques. Pattern recognition techniques, such as
cluster or character analysis, are powerful procedures for describing patterns
and conpl ex rel ati onshi ps when enpl oyed by individuals with sufficient train-
ing to understand the statistical and mathematical constraints to proper use
of the technique.

b. Data Interpretation

(1) Editing. Data checking and editing should precede anal ysis.
Extrene errors may be detected by conputer prograns that check for boundary
conditions and ensure that data values are within reasonable limts. Quality
wor k requires human judgnent. Sinple conputer plots of the raw data should be
generated and exam ned for unreasonabl e val ues, extreme val ues, trends, and
outliners. Mre detailed editing should include checking all or random sanpl es
of the conputer data base val ues agai nst data sheets fromthe lab or field.

(2) Analysis. The next step in data interpretation is to ensure that
t he assunptions on which the data analysis plan is based are still valid. New
information or failure to collect all the data required in the original analy-
sis plan nmay necessitate nodification. Data anal ysis should then proceed
according to plan, and a decision should be nmade to accept or reject the
tested hypothesis. Following this step, an effort should be made to identify
addi tional quantitative or qualitative conclusions that my be warranted, and
addi ti onal hypot heses that may be tested using the data base. If resources
permt, this additional analysis may be conpleted prior to fornulation of
final conclusions. Final conclusions should not be Iimted to acceptance or
rejecti on of hypotheses but should extend to clear, verbal expression of the
i mplications of the observed results. Decision nakers who are not technica
specialists may fail to grasp these inplications unless they are clearly
comuni cat ed.

(3) Maps and Graphs. When using maps and graphi cal techni ques, one nust
be careful not to draw conclusions that depend on either interpolation between
data points or extrapol ation beyond the range of the data, unless such inter-
pol ation or extrapolation can be justified. Quantitative statenents should
not be based solely on map and graphical analysis. A choice of scales or
coordi nate axes that unduly exaggerate or mininze point scatter or differ-
ences shoul d be avoi ded.
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GHAPTER 8

MTI GATI ON DEd S ON ANALYS S

8-1 Policy. Gare nust be taken to preserve and protect environnental
resources, Including unique and i nportant ecol ogi cal, aesthetic, and
cultural values. The Fsh and Wldlife ordination Act of 1958 (Public
law 85-624, 16 US C 61l et seq.) requires fish and widlife mtigation
neasures when appropriate and justified. The National Hstoric
Preservation Act of 1966 (Public Law 89-665, as anended, 16 US C 470 et
seq.) does the sane for cultural resources. The Vdter Resources

Devel opnent Act of 1986 (Public Law 99-662) and i npl enenting gui dance
provide further policy on fish and wildlife mtigation, including
cost-sharing provisions. Specific Gorps mtigation policy on fish and
wldlife and historic and archaeol ogi cal resources Is included in ER
1105-2-50, Chapters 2 and 3, and current Engineering drculars. Al
actions related to planning and i npl enenting mtigati on shoul d i ncorporate
appropriate Engi neer Regul ati ons and Engi neer drcul ars.

8-2. Definition.

a. Mtigation. The Guncil on Environnental Quality (CEQ, inits
Regul ations for Inplenenting the Procedural Provisions of the National
Environnental Policy Act (40 GR Part 1508.20), published a definition of
mtigation that has been adopted by the Gorps (ER 1105-2-50) and i ncl udes:

(1) Avoiding the inpact altogether by not taking a certain action or
parts of an action.

(2) Mnimzing inpacts by limting the degree or nagnitude of the
action and its inpl enentation.

(3) Rectifying the inpact by repairing, rehabilitating, or restoring
the affected environnent.

- (4) Reducing or elimnating the inpact over tine by preservation and
nai nt enance operations during the life of the action.

(5) onpensating for the inpact by replacing or providing substitute
resources or environnents.

These wll be referred to as the five elenents of mtigation.

b. Sgnificant Resources and EHfects. S gnificance includes
neani ngs of context and intensity. ontext refers to the degree of
technical, institutional, and/or public recognition accorded to a resource
at local, regional, or national levels. Intensity refers to the severity
of inpacts as neasured in duration, |ocation, and nagnitude of effects.
The criteria for determning the significance of environnental resources
and effects are provided in ER 1105-2-50, Appendi x A Section 1.7.3, and
subsections 3.4.3, and 3.4.12. Sgnificance of historic resources is
further defined as a property listed or determned to be eligible for
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listing inthe National Register of Hstoric A aces (ER 1105-2-50, (hapter
3).

8-3. Key oncepts for Mtigation.
a  General .

(1) Sgnificant resources are to be identified and specifically
considered 1n all phases of a project. If significant |osses to those
resources Wil occur because of the project or action, then those | osses
nust be mti gat ed.

(2) Mtigation consists of avoiding, mnimzing, rectifying,
reduci ng, or conpensating for the inpacts. The five el enents of
mtigation are logically stepwse, i.e., it is better, easier, and often
cheaper to avoid an inpact than to conpensate for it. The el enents are
iterative inthat the results fromone step may require reexamnati on of
previous actions. The first el enents of mtigation can often be
acconpl i shed through the use of good engi neering practices, e.g., changes
in proj ect design.

(3) Inpacts resulting fromcoastal shore protection projects are
largely on coastal and Geat Lakes bottons, shorelines, wetlands,
subnerged aquatics, coral reefs, and other tropi cal and subtropi cal
ecosystens. These areas Wil usually be conposed of or are considered to
be significant resources. Chapters 4-6 of this BEMdi scuss potenti al
i npacts on sone of these resources.

b. Early and Gontinuous Goordination and Public I nvol venent .
A anning for mtigation nust occur concurrently and proportionally wth
overall project planning activities and wth the invol venent of personnel
fromall appropriate state and Federal agencies (ER 1105-2-35). An
integrated planning effort assures that the significant resources are
correctly identified, significant inpacts are determned, all the el enents
of mtigation are considered, and the mtigation actions taken or
reconmended are appropriate and justified.

c. Mnetary and Nonnonetary Goncerns. Both nonetary and nonnonet ary
aspects of significant resources and effects wll be considered. Mnetary
aspects are quantified using dollars, and nonnonetary aspects are
guantified using one of several appropriate neasures such as Habitat
Lhits, acres, popul ation data, M sual |npact Assessnent Lhits, parts per
mllion, and use-days.

d. Mtigation Franework. A useful franework for describing
mtigation has two of four conditions:

(1) Inkind - resources physically, biologically, and functionally
the sane or simlar to those being altered.

(2) Qut of kind - resources physically, biologically, and/ or
functional ly dissimlar to those beling altered.
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(3) nsite - occurring on, adjacent to, or in the inmedi ate proxi mty
of the inpact.

(4 dfsite - occurring anay fromthe site of the inpact.

The first four elements of mtigation in paragraph 8-2a general |y take
pl ace onsite, the fifth one nay be onsite or offsite. Mtigation in kind
and onsite requires no trade-offs, while the out of kind and offsite
condi tions show that rel ative val ues have been assi gned.

e. Mtigation pjectives. Mtigation objectives should be stated as
a quantification of the anount of conpensation required for significant
| osses to significant resources. Both the identity and character of the
significant resources and the anount of |osses to themshould be clearly
docunented. S gnificant resources should be placed in a priority list or
category, acconpani ed by any stipul ati ons such as the weightings to be used
intrade-off analysis, trade-offs not allowed, or mtigation to be onsite.

f. Increnental Gost Analysis. Increnental or narginal cost anal ysis
is a process used in designing a conpensation plan that neets the
mtigation objectives. It investigates and characterizes howthe cost of a
unit of output increases as the |level of output changes, e.g., change in
dollars per Habitat Lhit wth increasing Habitat Lhits. An anal ysis wl |l
result in an array of inplenentable mtigation actions, ranked fromnost to
| east cost-effective. A mtigation neasure such as beach nouri shnent or
pl acenent of a sand fence becones an increnent when it is conbined wth
other neasures into a plan and anal yzed to determne the nost
cost-effective sol ution.

g. Justification for Mtigation. Justification for mtigati on nust
be based on the significance of the resource | osses due to a project,
conpared to the costs necessary to carry out the mtigation (ER 1105- 2- 50,
paragraph 2-4c(1)). Endangered and threat ened speci es and desi gnat ed
critical habitats wll be given special consideration (Public Law 93-205,
as anended, 15 US C 1531-1543).

8-4. Exanples. Throughout the text of this EMare neasures that can serve
one or nore of the mtigation el enents. Exanpl e neasures of each of the
elenents are listed bel ow

~a  Avoid -- Tine construction activities to avoid periods of fish
magration or shorebird nesting; preserve a public access point.

b. Mninmze -- Dsturb an inmature reef instead of a nature one; use
rough surface-facing naterials on a structure.

c. Rectify -- Replace a berm restore flowto forner wetl ands.
d. Reduce -- Qontrol erosion; place restrictions on equi pnent and
novenent of construction and nai nt enance personnel .
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e. Conpensate -- Use dredged material to increase beach habitat; con-
struct an artificial reef.
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APPENDI X B
MODEL S
Section |I. Numerical Models
B-1. Introduction. Nunerical nodels use conputational nethods to solve math-

emati cal expressions describing physical, chem cal, and biol ogi cal phenonena.
Conput ati onal met hods such as approximation and iteration perforned by high-
speed digital conmputers allow solution of conplex equations that cannot be
sol ved by anal yti cal nmethods.

a. Nunerical nodeling provides nuch nore detailed results than anal yti-
cal nethods and may be substantially nore accurate, but it does so at the ex-
pense of time and noney. However, once a nunerical nodel has been fornul ated
and verified, it can quickly provide results for different conditions. |In ad-
dition, nunerical nodels are capable of simulating some processing that cannot
be handl ed in any other way. They are also limted by the nodeler’'s ability
to derive and accurately solve mathematical expressions that truly represent
t he processes bei ng nodel ed.

b. The four types of numerical nodels that are pertinent in the investi-
gation of the environmental inpact of coastal shore protection projects
i ncl ude:

(1) Hydrodynanm c nodel s describe the velocity components, water surface
el evations, and salinity (or any other conservative passive constituent) dis-
tributions within the study area.

(2) Sediment transport nodels predict the shoreline response (erosion or
accretion) to man-made engi neering structural or dredged channel nodifica-
tions, and estimate the ultimate fate (resuspension, transport, and deposi-
tion) of dredged material disposed in an aquatic dredged material disposa
site.

(3) Water quality nodels predict physical characteristics and chenica
constituent concentrations of the water at various |ocations within the study
ar ea.

(4) Ecol ogical nodels predict the interactions between water quality and
t he aquatic conmunity.

C. The information derived from hydrodynanic nodels forns part of the
data base for sedinment transport, water quality, and ecol ogical nodels, and
the data from sedi ment transport and water quality nodels, in turn, form part
of the data base for ecol ogical nodels. Hence, it is essential that these
foundati on nodeling activities be acconplished with adequate accuracy. The
vari ous described nodels require input data which may be classified as:
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(1) Initial conditions. The data describe the initial state of the
system prior to nunerical nodeling.

(2) Boundary conditions. The data specify the system geonetry and the
quantity and constituent concentrations of freshwater inflows or other
deposi tions.

(3) Verification requirements. Any other data considered necessary for
the verification (or calibration) of the nunerical nopdels.

B-2. FEield Data.

a. Because no nunerical nodel study can be nore accurate than the infor-
mati on on which it is based, the inportance of adequate field data cannot be
over enphasi zed. The first steps in any nunerical nodel study rmust be the spe-
cification of objectives: an assessnent of the geophysical, chem cal, and
bi ol ogi cal factors involved; and collection of data essential to describe
these factors. Assessment and data col |l ection should include:

(1) Identification of freshwater inflow sources, including their aver-
age, range, and time history distribution of such inflow.

(2) Assessnent of the tides and tidal currents that exist within the
regi on of interest.

(3) Evaluation of wind effects and ot her geophysical phenonena that may
be peculiar to the specific study and that may contribute to aeolian sedi nent
transport within or beyond the study boundary limts.

(4) Conpl ete understanding of wave climte throughout the region of in-
terest, including seasonal and annual distribution with frequencies of occur-
rence by height, period, and direction of approach

(5) Know edge of the resulting wave-induced currents.

(6) Evaluation of the effects of sinultaneous occurrence of unidirec-
tional flow (tidal currents or freshwater river inflow) and oscillatory cur-
rents (wave-induced particle notion).

(7) Assessnent of effects and probability of occurrence of aperiodic
extreme neteorol ogi cal events such as severe storns or hurricanes.

(8) Ildentification of the sources of sedinentation and of the sedinent
types for devel opnent of a sediment budget analysis of the system under
eval uati on.

(9) Determnation of sources and expected quantities and conposition of

i ndustrial and nunicipal effluents, nonpoint contam nants, and tributary con-
stituent concentrations.
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(10) Identification and census of the aquatic community of the region
and the chemical, physical, and biological factors which influence its
behavi or .

(11) Archive of all avail abl e hydrographic, bathynetric, topographic, and
ot her geonetric data pertinent to preparati on of nunerical nodels.

b. The purpose of the prelimnary assessment of pertinent and avail abl e
data is to provide a basis for the selection of the nodels needed and for
pl anning field data acquisition programs. The npbst satisfactory procedure is
to plan the nunerical nodeling and field data acquisition programtogether
| f possible, the basic hydrodynanic nodel should be operational during the
period in which field data are being acquired. One mmjor reason for concur-
rent nodel sinulation and data acquisition is that anomalies in field data
frequently occur, and the numerical nodel may be useful in identifying and
resol ving any such anonalies.

B-3. Data Analysis.

a. In conjunction with the field data acquisition program and the pro-
jected nunerical nodeling activity, a program of data anal ysis nust be under-
taken. For the data analysis programto be as efficient as possible, the
field data should be recorded on nmedia that can be automatically read by the
conput er equi prrent to be used for such data processing.

b. Dat a anal ysis includes isolation of the astrononmical tide fromthe
tidal record and for an identification of the deconposition of the constitu-
ents of the astronomical tide. The purpose of separating the astrononica
tide fromthe observed tide is two-fold:

(1) This separation allows one to exam ne the residual and, by using
statistical methods, to investigate the extent to which other geophysica
phenonena, such as w nd, influence the observed flow.

(2) The astronomical tide is deternministic and nmay be used in synthe-
sizing tidal records for hypothetical events or during periods for which tide
records are not avail abl e.

C. Three fundanental observations regardi ng data anal ysis shoul d be
consi dered:

(1) The astronom cal tide is sonewhat dependent on freshwater inflows
into the study region, and the anplitude of the tidal constituents therefore
tends to vary seasonally in many coastal areas.

(2) Past experience in the analysis of tidal data in conjunction with

nodel studies has shown that a m ni mum of about 30 days of record for tida
el evation, velocity, and salinity data is essential for satisfactory analysis.
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(3) Data should be synoptic, with all data stations being nonitored dur-
ing the sane tine period in order to properly verify the numerical nodels.

B-4. Hydrodynami c Mddels. Numerical nodels of hydrodynam c processes, sedi-
ment transport, and water quality processes are said to be coupled if they are
applied sinmultaneously and interactively on a digital conputer. The codes use
the sane spatial and tenmporal grid. If, conversely, the hydrodynanic nodel is
run and the output fromit used as input to the sedinent transport or water
quality nmodel, the two nodels are said to be uncoupled. Wth uncoupl ed codes,
t he hydrodynam ¢ output may be spatially and/or tenporarily averaged and sub-
sequently used as input to the water quality nodel. In many instances, it is
nore econom cal to run uncoupl ed nodel s. Uncoupl ed nodel s are unaccept abl e
where thermal gradients or the concentration of dissolved or suspended nate-
rial causes a large enough variation in the fluid density to substantially
affect the flow

a. General . The various nunerical nodels may be classified as one-,
two-, or three-di nensional. The one-di mensi onal nodels treat the system by
averagi ng over a succession of cross sections. One-dinmensional nodels are
well suited to geonetric situations such as channels with relatively uniform
cross-sectional shape and with center |ines whose radius of curvature is rel a-
tively large conmpared to the width, provided the water density is uniform over
the cross section. Two-di nensi onal depth-averaged nodels are the type nost
conmonly enpl oyed and are well suited to studies in areas such as shall ow
estuaries where the water colum is relatively well mxed. Laterally averaged
nodel s are used in studies of relatively deep and narrow bodies of water with
significant variation of density vertically through the water columm. Three-
di mensi onal hydrodynani c nodels are relatively new and have been applied to
only a limted nunber of practical studies. In general, two-dinensiona
nodel s are substantially nore expensive to operate than one-di nensi ona
nodel s, and three-di mensi onal nodels are nmore conpl ex and nore expensive than
t wo- di nensi onal nmodels. Hence, in situations where it is known a priori that
one of the sinpler nodels will produce satisfactory results, the sinpler nodel
shoul d be enpl oyed for econony.

b. Two- Di nensi onal Dept h- Aver aged Model s. Two-di mensi onal dept h-
averaged nodel s are npst comonly enployed in the investigation of tidal flows
in inlets, bays, and estuaries. The two distinctly different formul ations
t hat have been enployed are finite difference and finite element. Mdels cur-
rently being used at the Waterways Experinment Station (WES) include the finite
di fference nodel WFM (VES Inplicit Flooding Mdel), which evolved fromearly
wor k by Leendertse (1967, 1973). The nodel and its application have been re-
fined and significantly inproved at WES, and have been described at different
stages of devel opnent by Butler (1980). The finite el ement flow nodel of
Research Managenent Associ ates (RMA-2V) (Ariathurai and Arul anadan 1978)
evol ved romwork by Norton et al. (1973) sponsored by US Arny Engi neer Dis-
trict, Walla Walla. The WES version of this nodel and a conpani on sedi nment
transport nodel, STUDH, and their application to project studies have been
described by McAnally et al. (1983). A user’s manual for these finite el ement
nodel s and support progranms (TABS-2) has been prepared by Thomas and MAnally
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(1985). Most existing finite difference nodels enpl oy cartesian coordi nates
whi ch, even with variable grid spacing capabilities, nmay |l ead to undesirable
approxi mations in schematizati on of conplex study areas. Recent work by
Johnson (1980) has resulted in a finite difference nodel VAHM (Vertically

Aver aged Hydrodynam ¢ Model) for flow and transport which enmpl oys a general -

i zed coordinate transformati on techni que call ed boundary-fitted coordi nates to
overcome this limtation. Devel opnent of this approach is continuing.

C. Two- Di nensi onal Laterally Averaged Mddels. Laterally averaged nodel s
are applicable in studies of relatively deep, narrow channels with small ra-
di us of curvature in which |lateral secondary, currents of appreciable nagnitude
do not devel op. Since fewer systens neet this criterion, work on nodel s of
this type has been nore limted than on the depth-averaged nodel s. However
wor k perforned during the |ast few years has produced a useful npdel
CE- QUAL-W2 (Environmental Laboratory, Hydraulics Laboratory 1986). CE- QUAL-W2
was originally devel oped as a two-di mensional laterally averaged free surface
and heat conducting nodel (LARM) for conputing reservoir flow patterns
(Edi nger and Buchak 1979). In nore recent devel opnents, the water density was
allowed to be a function of both tenperature and salinity, and estuarine
boundary conditions were incorporated. This version was called LAEM (Edi nger
and Buchak 1981). LARM and LAEM were conbined with nultiple branching capa-
bilities and renamed GLVHT (Buchak and Edi nger 1983). WES included water
quality algorithnms and naned the resulting code CE- QJAL-W2. These codes have
been used to investigate the effect of navigational channel deepening on
salinity intrusion in the Lower M ssissippi River and the Savannah River
estuary.

d. Thr ee- Di mensi onal Moddels. Depth- and laterally averaged two-
di mensi onal nodels obviously lack the ability to predict secondary flows in-
vol ving the plane that has been averaged. In sonme instances, these secondary
currents may be appreciable and affect such things as salinity intrusion
sedi nent transport, thermal distribution, and water quality. Leendertse
et al. (1973) pioneered the devel opment of one of the early three-dinensiona
nodel s of an estuary. Leendertse ‘ s nodel enployed cartesian coordinates. A
t hree-di mensi onal nodel that utilizes stretched coordinates in both the hori-
zontal and vertical directions has been devel oped and applied in studies of
the M ssissippi Sound (Sheng and Butler 1982, Sheng 1983). This nodel CELC3D
(Coastal, Estuarine, and Lake Currents; Three-Di nensional) may be used to pro-
vide detail ed conputations of the currents within several tidal cycles or tine
scal es of a stormevent. For a scenario of repeatabl e hydrodynam cs, CELC3D
may be conbined with the sediment transport al gorithmfor |ong-term conputa-
tions on the order of weeks, months, or |onger. Three-di nensional versions of
the finite el enent fl ow and sedi nent nodel s have al so been devel oped and have
been applied to several field sites (Ariathurai 1982, King 1982). |nprove-
ments in the efficiency of conputational equipnment and nodeling technol ogy are
increasing the feasibility of applying three-di nensional nodels.

B-5. Sedinent Transport Mddels. The transport of noncohesive and cohesive
sedi nents under the sinultaneous action of waves and currents takes place
al ong natural beaches, coastlines, bays, estuaries, and el sewhere when waves
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become superposed upon currents. The currents may be wave-i nduced, w nd-
driven, tidal, and stream or may originate from sone other |ess cause.

a. ClIP (Coastal and Inlet Processes Nunerical Mdeling Systen). Coasta
processes of tides, waves, wave-induced currents, and sedinment transport can
be nodel ed by using the nunerical nodeling system ClP (Coastal and Inlet Pro-
cesses). The systemutilizes the WES Inplicit Flooding Mdel (WFM for
tides, the Regional Coastal Processes Wave Propagati on Mdel (RCPWAVE) for
waves, the nodel CURRENT for wave-induced currents, and a sedi ment transport
nodel for transport of sedinment due to the combined action of tides, waves,
and wave-induced currents. Al four nodels generally use the same conputa-
tional grid for a given set of conditions.

(1) WFMis a general, |ong-wave nodel which can be used for sinmulation
of tides, stormsurges, tsunams, etc. It allows flooding and drying of |and
cells near the shoreline. It is a depth-averaged nodel so that variations in
the vertical direction are averaged in the nodel. It is used to determ ne
tidal elevations and velocities in the two horizontal coordinate directions.

(2) RCPWAVE is a linear, short-wave nodel which considers the transfor-
mati on of surface gravity waves in shallow water, including the processes of
shoal ing, refraction, and diffraction due to bathynetry, and allows for wave
breaki ng and decay within the surf zone (the region shoreward of the breaker
line). Unlike traditional wave-ray tracing nmethods, the nodel uses a recti-
linear grid so that nmodel output in the formof wave height, direction, and
wave nunber is available at the centers of the grid cells. This method is
hi ghl y advant ageous since the information can be used directly as input to the
wave-i nduced current and sedi nent transport nodels, and the probl em of
caustics due to crossing of wave rays is avoided.

(3) CURRENT conputes the wave-induced currents that result when wave
breaks and decay in the surf zone. In general, such breaking induces currents
in the | ongshore and cross-shore directions with resulting changes in the nmean
water | evel. These currents play a mgjor role in the novenent of sedinment in
t he nearshore region.

(4) The sedinment transport nodel predicts the transport, deposition, and
erosion of sedinents in open coast areas as well as in the vicinity of tida
inlets. It accounts for both tides and wave action by using for input the re-
sults of WFM RCPWAVE, and CURRENT in terns of tidal elevations and currents,
wave climate information, wave-induced currents, and setups at the centers of
grid cells. The nodel conputes transport separately for strai ght open coast
areas, and areas in the vicinity of tidal inlets. In the case of straight
open coast areas, transport inside and outside the surf zone is treated
separately.

(a) Transport inside the surf zone. Inside the surf zone, it is the
wave- breaki ng process that is primarily responsible for the transport of sedi-
ment. This process is quite conplex and not entirely understood. There is
even di sagreenment on the prinmary node (bed | oad or suspended | oad) of sedinent

B- 6



EM 1110- 2- 1204
10 Jul 89

transport in the surf zone. Thus, a nodel that determines transport in the
surf zone nmust be enpirical to some degree in its fornulation. The surf zone
transport nodel is based upon an energetics concept which considers that the
wave orbital notion provides a stress that noves sedi nent back and forth in an
amount proportional to the local rate of energy dissipation. Al though there

is no net transport as a result of this nmotion, the sedinment is in dispersed
and suspended state so that a steady current of arbitrary strength will trans-
port the sedi nent. Thus, breaking waves provide the power to support sedi nent
in a dispersed state (bed and suspended | oad), while a superposed current
(littoral, rip, tidal, etc.) produces net sediment transport.

(b) Transport beyond the surf zone. Beyond the surf zone, waves are not

breaking. Currents (tidal, littoral, rip, etc.) still transport sedinents,
but the sedinent load is much snaller than the |load in the surf zone. Waves
still assist in providing power to support sand in a dispersed state. How

ever, there is little turbulent energy dissipation, and frictional energy dis-
sipated on the bottomrepresents nost of the energy dissipation. Bed load is
the primary node of sedinent transport beyond the surf zone. Since beyond the
surf zone it is the tractive forces of currents (including wave orbital vel oc-
ity currents) that produce sedi nent novenment, an approach is applied which
consi ders sedi ment transport by such currents which may exist in the area.
Agai n, since the conplete physics of the problemis not entirely understood, a
sem enpi rical approach nmust be undertaken. To nodel this zone, the approach

of Ackers and White (1973) is followed, after appropriate nodification for the
i nfl uence of waves.

(5) The CIP (Coastal and Inlet Processes Numerical Mdeling Systen) has
been applied by WES to the entrance region of Kings Bay Naval Subnarine Base,
Georgi a. The sedinent transport nodel was verified by conparing conmputed ero-
sion and deposition rates in the navigation channel with those obtained from
field surveys. There was good agreenent both with respect to trends and
magni t udes.

b. Shor el i ne Change Mddel. A nunerical nodel for predicting shoreline
evol ution has been devel oped by Le Mehaute and Sol date (1980), which eval uates
| ong-term t hree-di nensi onal beach changes. The conbi ned effects of variations
of sea level, wave refraction and diffraction, |oss of sand by density cur-
rents during storms, by rip currents, and by wi nd, bluff erosion and berm
accretion, effects of man-made structures such as |long groins or navigation
structures, and beach nourishment are all taken into account. A conputer pro-
gram has been devel oped with various subroutines which permt nodifications as
the state-of -the-art progresses. The program has been applied to a test case
at Hol | and Harbor, M chi gan

C. N-Li ne Sedi ment Transport Mdel. An inplicit finite-difference,
N-Li ne nunerical nodel has been devel oped by Perlin and Dean (1983) to predict
bat hynetric changes in the vicinity of coastal structures. The wave field
transformation i ncludes refraction, shoaling, and diffraction. The nodel is
capabl e of simulating one or nore shore-perpendi cul ar structures, novenent of
of f shore di sposal mounds, and beach fill evolution. The structure |l ength and
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| ocation, sedinment properties, equilibriumbeach profile, etc., are user-
specified along with the wave climte. The N Line nodel has been used to
simul ate sediment transport of dredged material disposal in the vicinity of
Oregon Inlet, North Carolina.

d. CELC3D Sedi ment Transport Model

(1) The nost recent advance in the area of mathematical nodeling of
coastal currents and sedi nent dispersion (resuspension, transport, and deposi-
tion), as well as the state of the art at the present tine has been conducted
by Sheng and Butler (1982) and Sheng (1983). An efficient, three-dinensional
and conprehensi ve nunerical nodel of coastal currents, CELC3D (Coastal, Estu-
arine, and Lake Currents; Three-dinmensional), has been devel oped and is opera-
tional. The authors have provided a thorough quantitative analysis of the
role of turbulence in affecting the deposition, entrainment, and transport of
cohesive sediments. Detailed dynamics within a turbul ent boundary |ayer,
under pure wave or wave-current interaction, has been studied by neans of a
turbul ent transport nodel. Mdel predictions conpare well with prototype data
and are nore accurate than sinpler paranmetric nodels. Dispersions of sedinent
due to tidal currents, wi nd-driven currents, and waves have been studi ed.
Waves were found to be generally nore effective in causing entrai nment (resus-
pensi on) of sedinents.

(2) Physical nodels, field studies, and | aboratory investigations were
utilized to aid in the ultimte construction of CELC3D. Special features of
CELC3D i ncl ude:

(a) A "node-splitting" procedure which allows efficient conmputation of
the vertical flow structures (internal nodel).

(b) An efficient alternating direction inplicit (ADI) scheme for the
conputation of the vertically-integrated vari abl es (external node).

(c) An inplicit scheme for the vertical diffusion terns.

(d) A vertically and horizontally stretched coordinate system

(e) A turbul ence paraneterization which requires relatively little
t uni ng.

(3) Slowy varying currents and wave orbital velocities generally both
contribute to the generation of bottom shear stress in shallow or internediate
waters. To renove enpiricismfrom CELC3D simul ati on, Sheng (1983) used a
dynam ¢ turbul ent nodel to predict the wave-current interaction within the
bott om boundary | ayer. Calibration data were collected at a 90-nmeter water
depth site about 1 kiloneter off the California coast during the Coastal Ocean
Dynam cs Experinent (CODE-1) program Due to the relatively long fetch from
the north, high seas (6-8 feet) were typical, and wavel engths were suffi -
ciently long for the wave to feel the bottom Velocity profiles (averaged
over 6-mnute intervals) at this site showed typical logarithm c variation
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wi th hei ght above the bottom The values of the frictional velocity, us,

were typically between 0.22 and 0.66 centineter per second. Using reference
velocities at 1 neter, these u, values correspond to drag coefficients of

0.019 and 0. 026, respectively. Correspondi ng values of the effective rough-
ness height, z, , in the presence of waves are 1.3 and 3.0 centineters,

respectively. These values are an order of magnitude greater than the z,

based on physical roughness al one.

B-6. Water Quality Mdels. Historically, the analysis of water quality has
concentrated on the dissol ved oxygen (DO and bi ochem cal oxygen demand (ROD).
The bal ance between DO and BOD concentrati ons was the result of two processes:
the reaeration of the water colum, and the consunption of DO in oxidation of
BOD. Later enphasis has been on extending and refining the Streeter-Phel ps
formul ation by using a nore generalized nass bal ance approach and by the in-
clusion of additional processes such as benthic oxygen demand, benthic scour
and deposition, photosynthesis and respiration of aquatic plants, and nitrifi-
cation. The nore conprehensive water quality nodel s have been devel oped to

i ncl ude the nitrogen and phosphorus cycle and the | ower trophic |evels of
phyt opl ankt on and zoopl ankt on. A nunber of investigations have nodel ed the
algal nutrient silica. Selected chem cal constituents have been nodel ed by
assum ng thernodynamic equilibrium The fate of toxicants such as pesti cides,
netals, and PCB's is very conplicated, for they involve adsorption-desorption
reactions, flocculation, precipitation, sedinentation, volatilization, hydro-
I ysis, photolysis, microbial degradation, and biol ogi cal uptake. Selection of
a water quality methodol ogy requires considerati on of Water Quality Constitu-
ents and Di nensi onal and Tenporal Resol ution

a. Water Quality Constituents. The water quality constituents nost fre-
quently simulated include salinity, light, tenperature, DO ROD, coliform
bacteria, algae, nitrogen, and phosphorus. Each of these constituents inter-
acts with the others, but the significance of their dependencies varies anong
constituents, and their inclusion in a nunerical water quality nodel depends
upon the study objectives and the water body under consideration. The envi -
ronment al inpact anal ysis of nobst coastal shore protection projects can use
salinity and DO as indices of environmental change. Salinity plays a dom nant
role in physio-chem cal phenonena such as floccul ati on of suspended particu-
lates, is used as a variable to define the habitat suitability for aquatic
organi sns, and is frequently enployed as a conservative tracer to calibrate
m xi ng parameters. Dissolved oxygen is a respiratory requirenent for nost
organi sns and is used as a nmeasure of the "health" of aquatic systens. Dis-
sol ved oxygen can be used to evaluate the environmental significance of strat-
ification resulting fromchannel deepening and realignment of deep-draft navi-
gation projects, or nost other coastal shore protection projects.

b. Di nensi onal and Tenporal Resol ution.

(1) In a numerical water quality nodel the choice is between a one-
di mensi onal nodel and one that incorporates two or three spatial dinensions.
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A long, narrow, and vertically well-m xed water body may be represented by a
one-di mensi onal nodel consisting of a series of segnents averaged over the
cross section. Were there is pronounced vertical stratification, it is
likely that a laterally averaged two-di nensional nodel will be needed. In

ot her situations where there are narked | ateral inhonogeneities that are ac-
conpani ed by pronounced stratification, a three-dinensional nodel may be re-
qui red. Most existing water quality nodel s are one-di mensional, Practica
application of two-dinmensional l|aterally and depth-integrated nodels has been
made and is feasible. The Corps has recently devel oped and applied three-

di mensi onal water quality nodels.

(2) The basis of all water quality nodels is a velocity field either
specified by enpirical measurenents or conmputed by nunerical hydrodynanic
nodel s. The current trend in hydrodynam c nodeling is toward devel opnent of
t hree-di mensi onal nodels with increased spatial and tenporal resolution in
order to resolve inmportant scales and mninize the need for paraneterization
As a result, nodern time-dependent hydrodynam ¢ nodels normally have tine
steps on the order of mnutes to 1 hour. The chem cal and bi ol ogi cal equa-
tions of water quality nodels have characteristic tinme scal es detern ned by
the kinetic rate coefficients. These tinme scales are usually on the order of
1 to 10 days. The phenonena of interest, such as depletion of DO and exces-
sive plant growth, occur on tinme scales of days to several nmonths. Direct
coupl i ng of hydrodynam c and water quality nodels may provide unnecessary spa-
tial and tenporal resolution, and the high resolution water quality nodel
results cannot be effectively interpreted or verified. Present field sanpling
progranms resolve constituent concentrations on the order of a kilonmeter to
tens of kilometers in the horizontal, neters in the vertical, and days to
weeks in tine. In addition, the kinetic rate coefficients presently used in
water quality nodels resolve dynamics on the order of days to weeks.

C. Nunerical Water Quality Models. Linkage of the hydrodynam cs and
water quality using the sane spatial and tenporal grid is practical w th one-
di mensi onal and some two-di mensi onal nodels even for |ong-term sinmulations.
However, long-termwater quality simulations are conputationally very expen-
sive when water quality is directly coupled to two-di nensional vertically
averaged and three-di mensi onal hydrodynam ¢ nodel s. Therefore, the Environ-
nment al Laboratory has devel oped not only one-di nensi onal and two-di mensi ona
| aterally averaged nunerical water quality nodels that use the sane spatia
and tenporal grid used by the hydrodynam c driver but also a method for aver-
agi ng fine scale hydrodynanmic data to drive a coarser scale water quality
nodel for two-dimensional depth-averaged and three-di mensional applications.

(1) CE-QUAL-RIVI is a dynanic, one-dinensional (longitudinal) hydro-
dynam ¢ and water quality nodel originally devel oped for flows in streans.
Recent enhancenents included provision for tidal boundary conditions and re-
versing flows. The hydrodynanmic and water quality codes are separate but use
the sane spatial and tenmporal grid. Sinulated water quality constituents
i ncl ude tenperature, DO, CBOD, organic nitrogen, amonia nitrogen, nitrate
ni trogen, orthophosphate phosphorus, coliformbacteria, dissolved iron, and
di ssol ved manganese.
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(2) CE-QUAL-W is a two-dinensional |aterally averaged hydrodynam ¢ and
wat er quality nodel devel oped for reservoirs and estuaries (Environmental
Laboratory, Hydraulics Laboratory 1986). The water quality coding is arranged
into hierarchial levels of conmplexity, allow ng the user to select the |eve
of water quality detail desired for a particular study. The first |evel of
conplexity deals with conservative and noninteractive constituents (e.g., con-
servative tracer and coliform bacteria), the second |level with DO BOD or
DO nut ri ent - phyt opl ankt on dynamics, the third with PH and carbonat ed speci es,
and the fourth level with reduced chenical species.

(3) The MULTI PLE- BOX nodel nethod consists, of driving a finite segnent,
box-type water quality nodel with tenporally and/or spatially averaged hydro-
dynam ¢ out put. The box nodel segnent sizes, time step, and di spersion coef-
ficients are adjusted to assure that transport with the box nodel adequately
reproduces that of the finer scale hydrodynam c/transport nodel. The EPA's
mul ti pl e-box nodel WASP (Water Quality Analysis Simulation Progran) was
sel ected as the transport framework for a versatile water quality nodel that
could be interfaced with hydrodynanm c nodel (Anbrose et al. 1986). WASP con-
tains a variety of water quality kinetic algorithnms that the user may sel ect,
i ncl udi ng toxic substances. The WASP code may be applied in one-, two-, or
t hr ee- di mensi onal configurations. The code does not conpute hydrodynam cs;
the use of the WASP code requires hydrodynanic input. A nethodol ogy for spa-
tially and tenporally averagi ng hydrodynam c output is being devel oped by WES.

B-7. Ecol ogical Mydels. Ecol ogical nodels include numerous biol ogical spe-

ci es and enphasis food chain and species interactions. No general ecol ogica
nodel exists. Existing ecological npdels are site-specific and dependent upon
the local aquatic comrunity. The Environnental Laboratory at WES serves as a
cl eari nghouse for Corps inquiries and is becom ng an active participant in
ecol ogi cal nodel application

B-8. Modeling Systens.

a. Consi derati on has been given to some of the nore inportant aspects of
nunerical nodel selection and application. Hydrodynam c, sediment transport,
wat er quality, and ecol ogi cal nodels nmay not be considered as individual en-
tities. The various nodel s nust be coupled, or the output of one nodel nust
be used as input to a subsequent nodel. |If the applicable nodels are to be
used efficiently and econonically, the data transfer between the nodels nust
be consi dered and steps must be taken to ensure output-to-input conpatibility.
In nodeling there are, in addition to the nodeling itself, data to be col -
| ected, analyzed, and put into appropriate data bases. Each of these activi-
ties requires substantial data processing, and the aggregate cost of these
activities may far exceed the cost of the actual nopdeling exercise. Al so as-
sociated with nost studies are other requirenments, such as reports, which | ead
to additional data processing for such activities as conmputer graphs. The
devel opnent of the nodels and other prograns requires a broad spectrum of
technical talents, and the execution of a conprehensive study may require the
interaction of several individuals.
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b. A conprehensive, integrated system of nodeling and utility prograns,
whi ch are docunmented to the extent that the system may be understood and used
by the various individuals participating in the study, is essential to an ef-
fective study. Such systens are emergi ng. The WES Hydraulics Laboratory has
devel oped a system for Open Channel Flow and Sedi nentati on (TABS-2) that uses
dept h-averaged finite el enent nodels to predict hydrodynanics, salinity, and
sedi nent transport. The WES Environnental Laboratory has devel oped the one-

di mensi onal (CE-QUAL-RIVI), the two-dinensional |aterally averaged

(CE- QUAL-W2) (in conjunction with the Hydraulics Laboratory), and the arbi-
trarily dimensioned multiple-box nodel. The WES Coastal Engi neering Research
Center has devel oped and nade operational an efficient, conprehensive, and

t hr ee- di mensi onal numerical nodel system of coastal currents and sedi nent
transport, CELC3D, which provides for the resuspension, transport, and deposi-
tion of coastal sedinments where sedinment particle dynamics is nodeled by a
consi deration of particle groups and coagul ati on processes. The energence of
such conprehensive systens is a significant aspect of the advancenment of nu-
nmeri cal nodeling of the environnental engineering aspects of coastal shore
protection projects.

Section |II. Physical Models

B-9. Physical Coastal Models.

a. Earlier sections of this EM discuss specific considerations that nust
be addressed to evaluate the inpacts of coastal shore protection projects on
hydr odynani cs, sedi ment transport, water quality, biological, or ecologica
conditions. One of the tools that often is applied to nake the necessary pre-
dictions of these conditions is the physical coastal nodel. This section pro-
vides a brief description of physical coastal nodeling and its relation to
other nodels. It is intended to fanmliarize engineers and scientists with the
use of this technique in preparing inpact studies. The relative strengths and
weaknesses are discussed so that, depending on the specific situation, physi-
cal coastal nodels mght be considered in a nodeling strategy. The basis and
met hods used in physical coastal nodeling are also briefly described.

b. For projects in which dependable, accurate results warrant the addi-
tional expense, a physical coastal nopdel study is recomrended. This approach
is especially reconmended if the systemis partially mixed or stratified in
vertical salinity structure, or if it has a conplicated geonetry. Guidance
for initiating physical (hydraulic) nodels studies is given in ER 1110-2-8102,
ER 1110-2-1403, and related ER s. The Coastal Engi neering Research Center’s
conprehensive report by Hudson et al. (1979) discusses physical nodels to
assist in the solution of conplex coastal engineering problenms. This report
provides information for use by both the | aboratory research engi neer and the
field design engineer on the capabilities and Iimtations of coastal hydraulic
nodel i ng procedures. The report is intended to provide sufficient information
to document the state of the art of scale nodeling practiced by WES. It is
al so intended for field design engineers and other |aboratory research engi-
neers to better understand the principles of scale nodels and the application
of these principles in the design, construction, and operation of scale

B-12



EM 1110- 2- 1204
10 Jul 89

hydraulic coastal nodels in the solution of problenms involving the interaction
of waves, tides, currents, and rel ated sedi nent novements in estuaries,

coastal harbors, coastal erosion, and stability of coastal structures and
inlets. Estuarine and coastal physical hydraulic nodel studies performed at
VES usual ly require from 18 to 48 nonths, and cost approxi mately $20 per
square foot of nodel to build, and approxi mately $20,000 per nonth to operate
(1986 dol |l ars).

C. Physi cal coastal nodels are scal ed representations of a coastal prob-
| em area under study. Seawater supply, tide generators, wave generators, and
gaged freshwater inflows are necessary appurtenances. The nodels are often
nol ded in concrete between cl osely spaced tenpl ates, although many coasta
nodel s are constructed wi th novabl e-bed boundaries. Instrunmentation may be
nmounted on the nodels or experinental sanples may be w thdrawn fromthe nodel s
to measure such attributes as water surface el evation, current speed and
direction, salinity, and tracer concentrations. Water surface tracers and dye
patterns are often photographed to qualitatively and quantitatively exam ne
t heir behavior or patterns of flow.

d. Boundari es and features of nodels should be carefully planned. A
physi cal coastal nodel is designed and constructed to include the region of
i nterest and any ot her areas necessary so that boundary data or conditions can
be satisfactorily applied. If the effects of assinilative capacity on the
area of interest are to be tested, effluent outfalls or diffusers are included
i n nodel design and construction. If all the nodifications to be tested in
t he nodel study are anticipated at the time of nodel design, provisions can be
made to make them qui ckly and much | ess expensively.

B-10. Simlarity Criterion.

a. In any coastal nodel study, the physical phenonena observed in the
nodel shoul d represent those phenonena occurring in the prototype, so that the
prototype action can be predicted by operating the nodel. The general theory
of nodel design is based on the fundanental principle that a functional rela-
tionship exists anpbng all the variables associated with the system Further
t he nunber of variables can be significantly reduced by fornming a conplete set
of di mensionl ess variables for which a new function expressing the rel ation-
ship between the dinensionless ternms exists. If the nodel is designed so that
each of the dimensionless ternms of the conplete set is the same in the nodel
as in the prototype, then the nature of the unknown function is identical for
the nodel and the prototype. If all these conditions are satisfied, the nodel
is considered a "true" nodel which provides accurate information concerning
t he behavi or of the prototype.

b. Al t hough space limtation for the construction of the nodel may sone-
times dictate that the nodel be distorted, a physical nodel can usually be
operated with the sane linear scale in all three dinensions (i.e. an
undi storted-scal e nodel ). This undistorted-scal e nodel dictates that geo-
metric simlarity exists, as the ratios of all honol ogous di nensions on the
nodel and prototype are equal. In addition to geonetric simlarity, a true
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undi stort ed-scal e nodel requires that kinematic simlarity and dynamic sim -
larity also exist. Kinematic simlarity exists when the ratios of all honol o-
gous velocities and accelerations are equal in the nodel and prototype. Dy-
namc sinmlarity requires that the ratios of all honol ogous forces be the sane
in the nodel and prototype. Since force is related to the product of mass and
acceleration, dynamc sinmilarity inplies the existence of kinematic sinilarity
which, in turn, inplies the existence of geonetric sinlarity.

C. For dynamic similarity, the ratio of the inertial force between nodel
and prototype nmust be the sane as the ratio of the individual force conmponents
bet ween t he nodel and prototype. The ratios of the inertial force to the
ot her conmponent forces nust al so be the same between nodel and prototype.
These ratios have devel oped a reference to specific names, such as the ratio
of the inertial force for the pressure force as:

F,
E = —— = -E_ (Euler No.) (B-1)
n F 2
pPIT pV
Fi \'
Fn = i"— = ———172' (Froude NO.) (B—Z)
g (gL)
Fi VL
R =—=—£ (Reynolds No.) (B-3)
n F u
u
Fi
W = 7 02 (Weber No.) (B=4)
T Yt VL

Since only three of these equations are independent, the Euler nunmber will
automatically be equal. in the nodel and prototype if the other numbers are
equal . For the remaining three equations,

__V____ = VLp = g = 1 (B_S)
[(gL)”Z]r (“)r (oVZL)r

It can be denponstrated that no single nodel fluid will pernit all of these
equations to be satisfied at once. Therefore, absolutely true dynam ¢ and
kinematic simlarity apparently cannot be achi eved between a nodel and the
prototype. However, one or nore of the specific forces are often found to be
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negligi ble, and the nunber of equations to be satisfied can be reduced accord-
ingly. In fact, the phenonmena in a particular instance often involve the
effect of only one force ratio, and the others are negligible.

d. The use of water as a nodel fluid is usually necessary in physica
coastal nodels. Surface tension, the least inportant termif the depths of
the fluid are not excessively small, will have a negligible effect on the flow

of water nore than 0.25 foot deep, or on waves with | engths exceedi ng about
1 foot in the same water depth. By ensuring that the flow and waves exceed
these limting values, the effect of surface tension can be negl ected.

e. VWhen both viscous and gravity forces are inportant, the Froude and
Reynol ds numbers shoul d both be satisfied sinultaneously. This requirenent
can only be net by choosing a special nodel fluid. Since water is the only
practical nodel fluid, an approximate similarity requirement may be used,
based on enpirical relationships which include the major effects of frictiona
forces (such as Manning' s equation). Since fairly high Reynolds nunbers are
usual |y associated with tidal flows through coastal npdels, the shear stresses
are primarily determned by formdrag. The use of Manning's fornmula as a sim
ilarity criterion requires that the flow be fully rough turbulent in both the
nodel and prototype. When a bul k Reynol ds nunber, defined as Vd/< , is
greater than about 1,400 (where d is the depth of flow and < is the
ki nematic viscosity), fully rough turbulence will normally exist. A surface
gravity wave is essentially a gravitational phenonenon; therefore, the con-
trolling criterion of simlitude is the Froude nunber, and waves may be repre-
sented correctly in undistorted-scal e coastal nodels.

f. There are several physical interpretations that nay be given the
Froude nunber, but fundamentally it is the ratio of inertial to gravitationa
forces acting on a particle of fluid. It can be shown that this ratio reduces

to VY(gL)llz, where V is a characteristic Velocity, and L is a represen-
tative length. Here the velocity is taken to be a horizontal |ength divided
by the tinme paranmeter. However, any representative velocity and any represen-
tative length can be used in the Froude number as long as dynanmic simlarity

i s maintai ned and correspondi ng regi ons are considered in the nodel and proto-

type. The Froude nunber, defined as VY(gd)llz, is related t© the vertica
scal e (depth), so that the velocity ratios are equal to the square root of the
depth ratios. The pertinent ratios required for geonetric, kinematic, and
dynamic sinmlarity, based on the Froudian sinmlarity criterion, are devel oped
in Table B-1.

B-11. Physical Coastal Mddel Desian.

a. After the purpose of the coastal nodel study has been defined, the
actual design of the nodel can proceed. The significant steps are acquisition
of prototype data to assure nodel accuracy, establishment of nodel limts, and
definition and acquisition of nodel appurtenances.
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TABLE. B-1

Froude Criteria Scaling Relationships for Physical Coastal Mdels

Undistorted-scale model Distorted-scale model

Geometric similarity

Length Lr
(horizontal) (Lh)r
(vertical (LV)r
Area L2
T
2
(horizontal) (Lh)r
(vertical) (Lh)r(Lv)r
3 2
Volume Lr (Lh)r(LV)r

Kinematic similarity

Time Lilz (Lh)r/(Lv)i/Z

Velocity Li/Z (Lv) ]1:/2

Acceleration 1 1

Discharge Li/z (Lh)r(Lv)i/Z

Kinematic viscosity Li/z (Lv)ilz
(Cont i nued)
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TABLE B-1 (Conti nued)
Undistorted-scale model Distorted-scale model
Dynamic similarity
3 2
Mass Lr (Lh)r(Lv)r
Force L3
T
3
(horizontal) (Lh)r
(vertical) (Lh)z(LV)
r r
Dynamic viscosity L3/2 (Lv)ilz
2 2
Surface tension Lr (Lh)r
Pressure intensity Lr (Lv)r
Impulse and momentum Lz/z (Lh)i(LV)i/z
4 2 2
Energy and work Lr (Lh)r(Lv)r
7/2 5/2
Power Lr (Lh)r(Lv)r
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b. The inportance of accurate prototype data cannot be overenphasized in
nodel operation. The accuracy of the nodel is dependent on the use of proper
field data. Although the sinmlitude of fixed-bed, undistorted-scale nodels
i ndi cated that good approxi mation of bed-form | osses can be derived in the
nodel , assurance of accurate nodel results can only be achieved through a com
pari son of nodel and prototype results. To assure that the nodel is a geo-
nmetric reproduction of the prototype, hydrographic and bathynetric surveys
must include the pertinent bay and ocean approaches that influence the study
regi on.

C. The final proof of npdel effectiveness is a conparison of current
velocities and water surface elevations in both the nodel and the prototype.
The requirenents for a particular coastal nodel can vary extensively; however
a limted nunber of critically placed tide gages and wave gages, along with
carefully | ocated velocity stations, can provide enough information for con-
fidence in the nodel operation.

d. The appurtenances required for an effective nodel study include:

(1) A tidal reproducing systemfor the ocean

(2) A tide reproducing systemfor the bay if the bay is not conpletely
nodel ed.

(3) Wave generator or generators.

(4) Tidal height measuring and recordi ng system
(5) Velocity neasuring and recordi ng system

(6) Wave neasuring and recordi ng system

(7) Photographic capabilities.

(8) Specialized equi prent appropriate to the specific study under
eval uati on.

Each of these systenms requires proper planning in designing the nodel as con-
struction of the nodel depends on advanced know edge of the specific require-
ments of each system

B-12. Physical Coastal Mddel Construction.

a. Among the details that must be planned in nodel construction are the
various nodifications (plans) which will be evaluated during the nodel study.
If, for exanple, the effects of dredging a feature (navigation channel, har-
bor, turning basin, etc.) are evaluated, the construction of the nodel should
be based on this information. The tenpl ates prepared fromdetail ed hydro-
graphi ¢ and bathynetric maps to assure that the nodel is a true representation
of the prototype should be nodified to include the deepest possible navigation
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channel , deposition basin, turning basin, etc. This nodification would allow
the study of these features in later stages of the nodel testing program A
second set of tenplates can then be installed in the nolded nodel to allow
features of | esser depth to be incorporated into the nodel. Tests can then be
conducted with the conditions of |esser depth in the nodel; when tests are
conpl eted, conversion of the nodel to evaluate a proposed change can be easily
acconpl i shed.

b. The construction of the coastal nodel requires the proper planning
and sequenci ng of:

(1) Basic site preparation

(2) Installation of buried features (i.e., pipelines, required bases for
i nstrument ati on support systems, etc.).

(3) Installation of control tenplates.

(4) Installation of base material.

(5) Placenment of material (concrete, sand, etc.,) forming the nodel.
(6) Finishing the nodel for the desired surface texture.

(7) Fabrication and installation of tide-generating capabilities.

(8) Installation of wave generators, velocity recording systens, tide
recordi ng systens, wave recordi ng systens, and photographic capabilities.

(9) Installation of other specialized nonitoring equi pnent necessary to
eval uate effects of proposed coastal projects on specific environnental or
ecol ogi cal paraneters.

B-13. FEixed-Bed, Undistorted-Scal e Coastal Mbdels.

a. For coastal studies not concerned with the novenent of sedinents,
fi xed-bed nodel s can often be easily devel oped to provide kinematic and dy-
nam ¢ responses indicative of the prototype conditions. Specifically, fixed-
bed nodel s reveal information regarding velocities, discharges, flow patterns,
wat er surface el evations, and energy | osses between points in the prototype.
In the superposition of surface gravity waves on the fixed-bed fl ow condi -
tions, an undistorted-scale nodel ideally provides greater insight at |ess
effort into the refraction and diffracti on phenonmena associated with the wave
passi ng the underwat er topography and around coastal features. Accordingly,
the fixed-bed, undistorted-scale nodel can be effectively used for the analy-
sis of kinematic and dynam c conditions associated with waves, current inten-
sities and patterns, discharges, and forces existing along coasts and in bays
or estuaries.
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b. A fixed-bed nodel (although not is primary purpose) may al so be use-
ful in studying shoaling of entrance and interior inlet channels. Saltwater
intrusion and the effects thereon of proposed changes in the physical or hy-
draulic regines of the systemcan be effectively studied by fixed-bed nodel s.
The diffusion, dispersion, and flushing of wastes discharged into coastal re-
gions, as well as the hydraulics as related to | ocation and design of channels
sui tabl e for navigation, can be expediently studied. Tidal flooding by hurri-
cane surges or other tidal phenonena can al so be readily anal yzed.

(1) Model verification.

(a) The verification of a fixed-bed, undistorted-scal e coastal nodel
consi sts basically of conducting sufficient tests in the nodel to reproduce
nodel boundary conditions (i.e., ocean tides, ocean waves, bay tides, and cur-
rent velocities). The nodel data are then conpared with prototype data for
duplicate locations in the nodel and prototype to define the accuracy with
whi ch the nodel reproduces the prototype. If reproduction of the prototype is
not achi eved, the differences are evaluated for possible sources of error
Frequently, the differences are a result of either incorrect |ocation of
roughness in the nodel or inproper magnitude of nodel roughness. If the com
pari son shows isolated stations to differ, the differences are usually caused
by incorrect nodel results or erroneous prototype data collection. Repeating
the nodel test will clearly indicate which of these causes produced the dif-
ference between the nodel and prototype information. If it is concluded that
the nodel data were in error, then new nodel data can be quickly obtained.

(b) Model verification can also include definition of the nodel oper-
ating characteristics required to achieve reproduction of fixed-bed shoaling
patterns throughout the coastal nodel. This procedure consists of a trial-
and-error operation until the nodel operating conditions required to reproduce
known changes in prototype shoaling are devel oped.

(2) Model tests.

(a) Tests in undistorted-scale, fixed-bed nodels can provide useful in-
formati on on not only the hydrodynanics of a coastal region but also the ex-
pected changes to the hydrodynam cs due to changes in the region. An effec-
tive nodel test program should include initially a conplete set of tests to
define the conditions that exist in the nodel for hydrographic, bathynetric,

t opogr aphic, and hydraulic conditions for which the nodel was verified. These
data then formthe base conditions to which all future tests can be conpared
to evaluate the effects of changes to the coastal area under consideration.

(b) The data obtained fromthe nodel for the base conditions should
i nclude: detailed current velocities at critical |ocations throughout the
nodel for a conplete tidal cycle, detailed surface current patterns of the
entire area of interest at increnmental tines throughout the tidal cycle,
detail ed wave characteristics throughout the inlet for an array of expected
prototype conditions, and a conpl ete docunentation of tidal elevations
t hroughout the area of interest. The evaluation of a particular proposed
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change in the nodel duplicates the procedure followed in obtaining a base set
of data and conpares the results of each set of data.

B-14. FEixed-Bed Di storted-Scal e Coastal Models.

a. Physi cal coastal nodels are frequently distorted for various reasons.
Many regions of interest are large and fl ood and ebb tidal deltas may be quite
shal l ow, leading to | arge nodel energy attenuation and viscous friction scale
effects on waves. These effects can be minimzed through distortion and at
the sane tine decrease nodel costs. Reproduction of the entire tidal estuary
in the nodel is often desirable, since inclusion of the tidal estuary results
inthe flexibility to study the effects of proposed inprovenents on the tida
prism tidal circulation, tidal flushing, and salinity of the estuary. Inclu-
sion also results in the correct nonlinear energy transfer fromvarious tida
constituents to higher order harnonics. Deletion of a najor part of the estu-
ary | eaves reproduction of this phenomenon nore uncertain.

b. Di storted-scale nodels for use in the study of coastal harbors, in-
lets, etc., have generally been universally accepted. The horizontal scale
ratio is often dictated by the size of the facility in which the nodel is
pl aced or the construction cost. The vertical scale ratio needs not be |arger
than the rati o of nodel neasurenent accuracy to prototype neasurenment accu-
racy. The accuracy of |aboratory measurements of water surface is generally
on the order of 0.001 foot; the accuracy of prototype neasurements varies with
equi prent and field conditions but is generally within 0.1 foot. Thus, a ver-
tical scale ratio, nodel-to-prototype, of 1:100 will fully utilize the capa-
bilities of the nodel in simulating the prototype. Mdels of |arger vertica
scale are often used to sinplify operational techniques and to assure nodel
dept hs | arger enough that surface tension does not affect flow

C. A second factor to be considered in the selection of scales is the
"distortion." Distortion is the ratio of the horizontal scale to the vertica
scale, and its value relates the order that all slopes of the prototype are
steepened in the node. In the study of coastal regions, particularly with
novabl e- bed nodel s, efforts are made to design nodels with distortion val ues
of five or less. Otherwi se, the slopes required in the novabl e-bed nodel for
accurate reproduction of the prototype may be steeper than the angle of repose
of the npdel material, thus creating a difficult scale effect to overcone.
This point is enphasi zed because coastal nodels are often constructed with
both a fixed bed and a novable bed, and with a distorted scale. Vertica
scal e ratios, nodel-to-prototype, are generally in the order of 1:40 to 1:100;
hori zontal scale ratios are generally in the order of 1:100 to 1:500.

d. Di storted-scal e coastal nodels are frequently constructed for nulti-
pl e purposes, e.g., an investigation of an inlet my be necessary where a
jetty is to be installed. A prediction will be required of the effects of the

jetty on tidal currents and water |evels near the inlet and al so the degree to
which the jetty interrupts the littoral drift and affects deposition patterns
near the inlet. Oher water quality and biol ogical questions may al so be
addressed in such a coastal npdel study at the sane tine. In this case, a
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mul ti purpose nodel is needed. This nodel would first be built with a

di storted-scal e, fixed-bed design and then adjusted and tested to determ ne
the effects of the jetty on tidal heights and currents. A segnent of the
fixed part of the nodel surface would then be carefully renoved and repl aced
with a novable material to evaluate the effects of the jetty on the littora
drift or other phenonena of interest.

e. Model verification and testing in a distorted-scale, fixed-bed nodel
foll ow essentially the same procedures as for an undistorted-scale, fixed-bed
nodel . However, because of distortion effects, the transference equations
fromthe nodel to a prototype situation are, in general, conpletely different.

B-15. Movabl e- Bed Coastal Mbdel s.

a. Theoretical Aspects of Myvabl e-Bed Mdeling.

(1) The movenent of |oose bed material is governed by the inertia
forces of the particles and of the water against them by the weight of the
particles, and by the viscous forces acting between the water and the parti-
cles. Three physical |aws have evolved froman analysis of these forces:
Newt on’s |law of inertia, the law of gravitation, and the viscous friction |aw
of Newtonian fluids. These | ans have provided two well-known di mensionl ess
terms which nust be equated between the nodel and the prototype for kinematic

and dynamc simlarity to prevail; i.e., the Reynolds Number, R,, and the
Froude Number, F,, expressed as
vd
Rn = T (B"6)
and
v
F = — (B-7)
1/2
" et

where V is the fluid velocity, d is the depth of flow, <is the fluid
ki nematic viscosity, and g is the acceleration of gravity.

(2) The sinultaneous conformation of the nodel and prototype to both the
Reynol ds number and Froude nunber yields the fanmiliar problemthat the Iength-
scal e factor becones a function of the scale factor of the kinematic viscos-
ity. This function determ nes that no readily avail able fluid possesses the
ki nematic viscosity to nake a useful nodel fluid. Schuring (1977) reasons
that since the sane fluid for nodel and prototype provides | ess than perfect
simlarity but probably nust be used, design requirements can be relaxed if
the inertial forces of the sediment are nuch smaller than the rest of the
forces and, therefore, can be neglected. Then Newton's |aw of inertia nust
only be applied to the fluid. A further sinplification, wthout |oss of
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generality, is achieved by restricting the |law of gravitation to the weight
di fference of water and sedinent. Wth these two nodifications, a qualified
Froude number evolves, often referred to as a densinmetric Froude nunber, and
the I ength-scale factor is freed fromits dependence on kinematic viscosity:

Fa = 9172 (B-8)

The penalty for this sinplification is a restriction of the particles to a
state of rolling or sliding with small or no inertial forces acting upon them
The nodel becones invalid when the particles begin to | eave the bed and are
carried upward, such as in the surf zone or in relatively shall ow water af-
fected by surface gravity waves. Very good correl ati on between vari abl es was
achieved in flunme experinments with unidirectional flow (Schuring 1977).

(3) A different approach, advanced by Gessler (1971), assunes that both
the prototype sedinment and the material used as nodel sedinent are given, and
t he nodel geonetric scales are determined to fit the requirenments of these
materials. In this approach, supplenmental information should be used in the
form of the Shields paraneter regarding the critical tractive force necessary
to produce incipient notion. However, nodel scal es based on the principles of
unidirectional notion may not be strictly applicable to the case of oscilla-
tory wave notion, but a first approximtion is probably perni ssible. By
setting a lower linmit to the nodel Reynol ds number and conputing the prototype

Reynol ds numnber, the ratio of the prototype-to-nopdel Reynol ds nunmber will de-
termine the scale of the characteristics Ilength used in the vertical direction
of the nodel. In this procedure, it is assuned that the ratio of nodel-to-

prototype velocity is a function only of the depth ratio, as determ ned by the
Froude | aw

(4) If the nodel sedinment material has not been sel ected beforehand, a
revi sed approach can be devel oped (Gessler 1971). To have sinilarity in in-
ci pient notion and bedl oad transport, the bed nobility in the nbpdel and proto-
type should be the same at honol ogous points. This nmobility is determ ned by
the ratio of the actual Shields paranmeter to the critical Shields paraneter.
The reason for this nodification in approach is that the critical Shields
par amet er depends sonmewhat on the grain Reynol ds number for values bel ow about
150. For ordinary nodel materials (fine-grained sands), the grain Reynol ds
nunber is on the order of 5 to 10. The Shields diagramis poorly verified in
this range, so the grain Reynolds nunmber should not be smaller than about 15.
Thi s grain Reynol ds nunber can be achi eved by using a coarser bed material in
the nodel than in the prototype, but one that is | ess dense. The Shiel ds
parameter is

B- 23



EM 1110- 2- 1204
10 Jul 89

ywd S

. A B-9
(Ys - Yw)Ds =)

T*=

where S is the bed slope and d is the particle size. By using this defi-
nition and evaluating the ratio of the prototype-to-nodel Shields paraneter, a
generalized criterion will evolve which can be solved for the specific weight
(subrmerged) of the bed material to be used in the nodel. The reason for using
a lightweight material refers to the idea that the grain size is relatively
too large in the nodel. The final selection of the nodel material will depend
on the materials avail able; however, a slight adjustnment in the desired grain
size may be necessary.

(5) The anal yses of Gessler (1971) are applicable only to unidirectiona
flow at one specific discharge; thus highly unsteady fl ow processes |like sur-
face gravity waves cannot adequately be nodel ed by this process. Changes in
di scharge require that the time scale of the discharges be nodel ed according
to the tine scale associated with the sedi mentation process to obtain sinilar-
ity in bed-forming processes. The considerabl e di screpancy between the hydro-
dynam ¢ and sedi nmentol ogical time scales neans that the sedi mentation pro-
cesses are advancing too rapidly in the nodel. Gessler (1971) concl udes that
no matter how carefully the design is done, it remains absolutely essentia
for distorted-scale as well as undistorted-npdels to be verified against field
dat a.

(6) When studying problenms of scour and deposition, it becones necessary
to add the critical shear stress and sublayer criteria to the gravity and
frictional criteria, as devel oped by Gaf (1971). Introducing the enpirica
rel ati onship between the bed particle dianeter and Manning' s n val ue produces

r Lh
r

1/2
1/6 _  _ on2/3 /1 )
@M -0 = ® < ) (B-10)

where d is the bed particle diameter and Ris the hydraulic radius. \Wen
nodel and prototype fluids are identical, four independent variables are
found, and three equations provide a solution. The problemis determined if
one of the four paraneters is chosen, and the remaining three variables are
found fromthe equation solutions. A distorted-scale nodel was assuned in
this anal ysis. Various researchers have stated that some nodel |aws can be
relaxed with little harmto the overall investigation. Einstein and Chien
(1954) suggested that the friction criterion, the Froude criterion, or the
subl ayer criterion m ght absorb further distortions. Under certain circum
stances, small deviations fromthe exact sinlarity may be allowed, making it
possible to arbitrarily select nore than one single variable.
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(7) For the application of strictly coastal sediment nodeling problens,
M gniot et al. (1975) have stated that since all of the sinmlitude conditions
i nvol ved cannot be satisfied, the nbdel scales, the material size and density,
and the current exaggeration cannot be determ ned by straightforward conputa-
tions but nust be chosen to obtain the nost favorabl e bal ance between al
rel evant phenonena. In nmany respects, novabl e-bed physical nmodeling is nore
an art than a science. A feeling of the problem previous experience, and a
perspective of the relative inportance of each factor are of paranount val ue
in applying the method. The sedi mentol ogical tine scale can be derived from
general transport formulas. When sand is sinulated with a |ightwei ght mate-
rial such as plastic with a density of 1.4, the sedinentological tinme scale
will be in the range of 1:1,000 which nmeans that a year will correspond to
some 8 hours of nodel tine. Although it is disquieting to note that so nuch
enpiricismprevails in the design of coastal novabl e-bed nodels, the nodel is
only fit for predictive use when it has successfully reproduced past evol u-
tion. Wiile the various simlitude conditions may not all be satisfied, the
conditions do not differ too much fromeach other, so fairly satisfactory com
prom ses can usually be found. For instance, nodel material density required
to satisfy these various prototype conditions may typically vary from1.3 to
1.6, while size exaggeration may vary from1.0 to 1.7.

(8) The novabl e-bed coastal nodel by Kanphuis (1975) is a wave nodel
i ncorporating coupled wave notion and sedi nent notion relationshi ps which have
been determ ned experinmentally. The unidirectional flow phase is then added
to the basic wave nodel and adjusted to yield correct results for different
situations. This philosophy is basically different fromLe Mthaute (1970) who
assumed that a coastal novabl e-bed nodel is a unidirectional flow node
nodi fi ed by waves. The difference in scale laws is quite evident when the
results of their nodels are conpared.

(9) According to Kanphuis (1975), the novabl e-bed phase of the nodel
study is subjected to four relaxed basic scaling criteria: the particle
Reynol ds numnber, the densinetric Froude nunber, the relative density, and the
relative length-scale relating water notion to sedi ment size. Ideally, all of
these basic scaling criteria rmust be satisfied simultaneously but cannot be
satisfied in practice. As nore of these criteria are ignored, the nodel will
perform successively less Iike the prototype, and scale effects (nonsinilarity
bet ween nodel and prototype) increase. Only a |lightweight material can be
used to keep the nodel and prototype particle Reynolds nunber identical. Any
deviation fromunity is rather small (in all cases) and is not considered to
l[imt the nodel seriously. Simlarity of the densinetric Froude nunber is
considered to be the nost inmportant of the four nodeling criteria. If the
nodel densinmetric Froude nunmber is |less than sone critical value and the pro-
totype nunber is greater than this critical value, the nodel is useless. The
nodel and prototype densinmetric Froude numbers should be equal, or incorrect
scaling will result in considerable distortion of the sedinent notion param
eters with exaggerated tine scales for sedinent notion, and the nodel will
take longer to nmove the material than it theoretically should. Thus, the
sedinent notion will start later in the nodel (in shallow water), but in the
area where material noves freely, the nonsimlarity of the densinetric Froude
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nunbers will manifest itself in adjustment of the tine scale for sedinent
notion. The time scale also varies with depth, and noreover, if initial

noti on and depositional patterns are inmportant, it is necessary to nodel the
densi metric Froude nunmber correctly.

(10) The nonsimilarity of the nodel and prototype ratios of sediment par-
ticle density to water density affects the process in two distinct ways. The
accel eration of the particle is changed, and the particle becones relatively
too heavy when no | onger submerged. For a |lightweight material, the individ-
ual particles are relatively heavier in the surf zone than if sand were used.
Therefore, the beach material has a tendency to pile up i mediately past the
surf zone, and the particles will remain in this |ocation because they becone
rel atively heavier when not subnerged. As a result, there is a highly dis-
torted version of sedinent transport in the surf zone. It is very difficult
to duplicate prototype conditions in the littoral zone using |ightweight
materi al s.

(11) Coastal npvabl e-bed nodel s suffer fromvarious scale effects when
the particle sizes are not scaled down geonetrically. Since this fact is true
for nobst coastal nopvabl e-bed nodels, the prediction of bed norphol ogy tine
scales is virtually inmpossible. Thus, verification using historical survey
data renmai ns a necessary step. Because of the variety of scale effects,
coastal novabl e-bed nodeling continues to be as much an art as an exact
sci ence.

b. Prot ot ype Data Requirenents.

(1) Perhaps the nost inmportant aspect of the design phase of a npvabl e-
bed coastal nodel study is to assure the adequacy of the prototype data. The
nodel is constructed to conformto prototype surveys; adjustnent of the nodel
to accurately reproduce prototype hydraulics or sedinmentation patterns is
based on prototype nmeasurenents. Any errors or insufficiencies in prototype
information will result in inadequate and incorrect performance of the nodel.

(2) Prototype information required for a novabl e-bed coastal nodel study
i ncl udes geonetry and sedi nent properties, adjacent beach configuration, wave
measurenments, littoral drift estimates, water surface tine histories, and
synoptic tidal currents in the ocean, bay, inlets, and harbors. The occur-
rence of storns of |lowreturn frequency should be noted, since |arge vol unes
of sand can be displaced during these activities. Hydrographi c and wave ob-
servations should al so be made frequently enough to detect seasonal and yearly
fluctuations.

(3) A longer data collection period is needed for a novabl e-bed study
than for a fixed-bed nodel. The period length also varies with the data type;
e.g., longer termwave data are needed than tide |l evel and current data to
cal i brate a novabl e-bed nodel. Prototype observations for several consecutive
years before the nodel study will allow an eval uation of both short- and | ong-
term tendencies of the coastal region -and the selection of a typical period on
which to base the nodel verification. A three-year docunentation period is
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probably the minimum | ength, since major trends cannot usually be detected in
shorter time periods.

cC. Model Verification.

(1) The verification phase of a coastal novabl e-bed nodel study is per-
haps the nost inportant. A well-acconplished verification will mnimze or
elimnate the effects of small errors in construction and will allow the eval -
uation of the effects of poorly understood variables on the coastal region
during the testing phase. Verification requires the adjustment of nodel
boundary conditions to recreate or correct conditions that were altered in the
scal i ng process. Sedinmentation verification is based on prototype observa-
tions and is acconplished by selecting an appropriate nodel sedi nent and de-
vel opi ng the necessary nodel operating technique to reproduce the observed
scour and fill patterns. Verification of a coastal novabl e-bed nodel is,
theoretically, nmore difficult than for a fixed-bed nodel. The purpose of a
novabl e-bed nmodel is to sinulate the evolution of the coastal bathynetry.

This evol ution takes place in response to many factors, but primarily to the
sedi nrent washed from adj acent beaches by wave action, to erosion of the inlet
channel s by tidal currents, and to entrapnent of material at the bars on the
ocean and bay sides of the tidal inlets. Coastal harbors also accurmulate lit-
toral drift and shoal material. These sanme factors must be included in the
nodel to simulate degree as well as type of bathynetry evol ution

(2) Since a novabl e-bed coastal nodel sinmulates shoaling and scouring
patterns, the requirenent that the nodel also sinmulate the basic hydraulic
quantities (tidal heights, tidal phases, velocities, etc.,) is somewhat re-
| axed. In practice, the verification of a novabl e-bed coastal nmodel is a lit-
tle easier than for a fixed-bed nodel, since the experinmenter has nore vari-
abl es available with which to work to achieve the desired verification. The
validity of tests of proposed inprovenent plans in novabl e-bed nodel is based
on the followi ng prem se: if nodel reproduction of the prototype forces known
to affect novenent and deposition of sediments (tides, tidal currents, waves,
etc.) produces changes to nodel bed configuration sinmlar to those observed in
the prototype under sinmlar conditions, then the effects of a proposed im
provenent plan on the novenent and deposition of sediments will be substan-
tially the same in both nodel and prototype.

(3) One of the nobst inportant reasons for the verification of a novable-
bed coastal nodel is the establishnent of the time scale with respect to bed
noverment. The nodel -to-prototype tinme scale for bed novenent cannot be com
puted fromthe linear scale relations because the interrelation of the various
prototype forces affecting novenent and deposition of sedinents is too conpli -
cated for accurate definition. Therefore, the time scale is determ ned enpir-
ically during the nodel verification; i.e., the actual tine required for the
nodel to reproduce certain changes that occurred in a given period of tinme in
the prototype is used to deternine the nodel tinme scale for bed novenent.
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d. Model Tests.

(1) The actual testing phase of a coastal novabl e-bed nodel is perhaps
t he easiest of all phases to acconplish. The nodel has been carefully de-
signed and built based on neasurenents obtained fromthe prototype. The npdel
has perforned simlarly to the prototype by responding to events to which it
was subjected during verification in the same manner the prototype was ob-
served to response when simlar events occurred in its history. The nodel may
now be justifiably expected to respond as the prototype would respond to an
event or sequence of events, which has not yet occurred to the prototype at
the particul ar point being investigated, for the same hydrography and oper-
ating conditions. This response of the nodel is terned the "predictive capa-
bility" of the nodel, since the behavior of the prototype under simlar condi-
tions can be inferred fromthat response.

(2) A nodel test series always involves at |east two separate tests.
The first test is a "base" test, which studies the existing coastal region and
provides a basis for conparison with |ater tests that have alternative plans.
The next test or tests in the series are the "plan" tests, so-called because
the plan or plans for inproving the coastal region are installed in the nodel
and tested. The plan tests are always conducted with nodel conditions identi-
cal to those of the base test. This test procedure allows straightforward
interpretation of the test results, as differences in results are attributable
to the plan under investigation although sone differences may occur because
simlitude criteria have not been conpletely satisfied.
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APPEND X C

BNV RONMENTAL  PROTECTT ON STATUTES AND OTHER
B\W RONVENTAL  REQU FEMENTS

C1l Federal Satutes.

Qean Ar Act of 1963, as anended, 42 US C 7401, et seq.

Qean Witer Act of 1977, as anended (Federal Véter Pollution Gontrol
Act), 33 US C 1344, et seq.

Qoastal Barrier Resources Act of 1982, (16 US C 3501 Public Law
97-348).

Qoastal Zone Managenent Act of 1972, as anended, 16 US C 1451, et
seq.

Deep Véter Port Act of 1974, as anended, 33 US C 1501, et seq.
Endangered Speci es Act of 1973, as anended, 16 US C 1531, et seq.
Estuary Protection Act, 16 US C 1221, et seq.

Federal VWdter Project Recreation Act, as anended, 16 US C
460-1(12), et seq.

Fsh and WIdife Gordination Act of 1958, as anended, 16 U S C
661, et seq.

Hstoric Ste Act of 1935, as anended, 16 U S C 461, et seq.

Land and Véter Gonservation Fund Act, as anended, 16 U S C
4601- 4601- 11, et seq.

Mari ne Maomal Protection Act of 1972, as anended, 16 US C
1361- 1907, 86 stat, 1027.

Miri ne Protection, Research and Sanctuaries Act of 1972, 33 US C
1401, et seq.

Mgratory B rd Qonservation Act, 16 US C 715-715d, 715e, 715f- 715k,
and 715n-715r (1970 and Supp. 1V 1974).

National Environnental Policy Act of 1969, as anended, 42 US C
4321, et seq.

National Hstoric Preservation Act of 1966, as anended, 16 U S C
470a, et seq.
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Preservation of Hstoric and Archaeol ogi cal Data Act of 1974, as anended,
16 US C 469, et seq.

R ver and Harbor Act, 3 March 1899, 30 stat, 1151, 33 US C 401 and 403,
and 30 stat, 1152, 33 US C 407, et seq.

Wt er shed Protection and Hood Prevention Act, as anended, 16 US C

et seq,
WIld and Scenic Rvers Act of 1968, as anended, 16 US C 1271 ,et seq.
Vét er Resources Devel opnent Act of 1986 (Public Law 99-662).

G 2. Executive Oders and Menoranda.

Protection and Enhancenent of Qultural Environnent, 13 May 1971
(EQ 11593).

H oodpl ai n Managenent, 24 My 1977 (E Q 11988).
Protection of Vetlands, 24 May 1977 (E Q 11990).

Protecti on and Enhancenent of Environnental Quality (E .0O. 11514, anended
by EO 11991, 24 hay 1977).

Environnental Hfects Abroad of My or Federal Actions (E .O. 12114).
Anal ysis of Inpacts on Prine and Lhi que Farntands (CEQ Menor andum
11 Aug 80).

_ I nteragency Gonsultation to Avoid or Mtigate Adverse Efects on Rvers
in
the Nationw de Inventory (CEQ Menorandum 11 Aug 80).

Qui dance on Applying Section 404 (r) of the Qean Véter Act to Federal

Projects Wiich Involve the O scharge of Dredged or FHIl Mterials into Wters
of the US Including Wtlands (CEQ Menorandum 17 Nov 80).

G3. Agency Regul ations.

US Environnental Protection Agency:

QGean Dunpi ng Regul ations and Criteria (40 OFR 220- 229)

Quidelines for Specifications of D sposal Stes
for Dredged or HIIl Material (40 AR 230)

Gouncil on Environnental Quality:

Regul ations for Inplenmenting the Procedural
Provisions of the National Environnental Policy
Act of 1969 (40 CFR 1500- 1508)
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Appendi x D
Estuari ne/ Mri ne Species Profiles
D1 Species Pofiles: PRublished.
ol ogi cal
Report (*) Title Dat e Publ i shed
QI f of Mexico
82/11. 4 Sootted Seatrout February 1983
82/11.3 Atlantic O oaker February 1983
82/11.2 Qi f Menhaden February 1983
82/11.1 Brown Shrinp February 1983
82/11.14 Bay Anchovy and
Sriped Anchovy Qct ober 1983
82/11.5 Sea Gatfish and
Gafftopsail Gatfish Qct ober 1983
82/11. 20 Wite Srinp Sept entoer 1984
82/ 11. 29 Sheepshead Mar ch 1985
82/ 11. 30 Sout hern H ounder Apri l 1985
82/ 11. 26 A nfish Sept entoer 1984
82/11. 31 Gonmon Rangi a April 1985
82/ 11. 35 Gass Srinp Mar ch 1985
82/ 11. 36 Red Drum June 1985
82/11.51 ack Drum Apri l 1986
82/ 11.55 ue Gab June 1986
82/11.64 Anerican Qyster July 1986
82/11. 71 A gfish Mar ch 1987
82/11.72 Sand Seatrout and
S |ver Seatrout Mar ch 1987
82/ 11. 83 Red Shapper August 1988
South Horida
82/ 11.16 Shook Qct ober 1983
82/11. 17 P nk Shrinp QCct ober 1983
82/11.21 Sone Gab Mar ch 1984
82.11. 34 Sriped Mil | et April 1985
82.11. 39 Wite Ml | et May 1985
82.11. 42 H ori da Ponpano Apri l 1986

* Al Bological Reports are published under Technical Report H-82-4, S Arny
Engi neer Véterways Experinent Sation, M cksburg, M ssissippi.
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82/ 11.58 King and Spani sh Macker el June 1986
82/ 11.52 Gay, Lane, Mitton, and

Yel lowtail Snhapper June 1986
82/11.54 Sout hern, Qulf and Surmer

H ounder July 1986
82/11. 61 Soi ny Lobst er August 1986
8/11.43 Sootted Sea Trout August 1986
82/11.73 Reef-Buil ding Goral s August 1987
82/11. 77 Long- Spi ned B ack

Sea U chin August 1987

South Atlantic
82/11.11 Atl anti c Menhaden Qct ober 1983
82/ 11.15 Surmer H ounder Qct ober 1983
82/11.19 ue Cab Mar ch 1984
82/ 11. 25 Atlantic Surgeon July 1984
82/11.24 Aneri can Eel July 1984
82/ 11. 27 Wite Srinp Sept entoer 1984
82/ 11. 45 Aneri can Shed Apri l 1986
82/11. 57 Anerican Qyster Jul'y 1986
82/11. 75 Hard d am August 1987
82/11. 91 Soot January 1989
82/ 11. 90 Brown Shrinp January 1989
North Atlantic

82/11.7 Wiite Perch QCct ober 1983
82/11.18 Hard d am Qct ober 1983
82/ 11. 23 Anerican Qyster July 1984
82/ 11. 22 Aneri can Sal non July 1984
82/ 11. 33 Aneri can Lobst er Apri l 1985
82/ 11. 38 Atlantic Herring Apri l 1986
82/ 11. 66 Sand Lance June 1986
82/ 11.53 Softshel l ed d am June 1986
82/ 11. 56 A ew fe/ Bl ueback Herring July 1986
82/ 11.59 Aneri can Shad July 1986
82/ 11. 67 Sea Scal |l op August 1986
82/ 11. 76 Atl antic Tontod August 1987
82/11.74 Aneri can Eel August 1987
82/ 11. 80 Sandwor mand B oodwor m Apri l 1988
82/ 11. 87 Wnter H ounder January 1989
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Md-Alantic
Ref. Nb. Title Dat e Publ i shed
82/11.8 Sriped Bass Qct ober 1983
82/11.9 A ew fe/ Bl ueback Herring Qct ober 1983
82/11.10 Atlantic Sl verside Qct ober 1983
82/11.12 Bay Scal | op Qct ober 1983
82/11.13 Surf dam Qct ober 1983
82/ 11. 41 Hard d am February 1985
82/ 11. 37 Aneri can Shad Apri l 1985
82/ 11. 40 Mirm chog and Stri ped
Killifish June 1985
88/ 11. 65 Anerican Qyster July 1986
82/ 11. 68 Softshell dam August 1986
82/11.94 uefi sh February 1989
82/ 11. 97 Bay Anchovy February 1989
82/11. 98 oot February 1989
Paci fic Nort hwest
82/11.6 (hi nook Sal non Qct ober 1983
82/ 11. 48 Goho Sal non Apri l 1986
82/ 11. 63 Dungeness crab August 1986
82/ 11. 62 S eel head Trout August 1986
82/ 11. 69 Anphi pods August 1986
82/11.78 Gonmon Littl eneck d am August 1987
82/11.81 Chum Sal non Mar ch 1988
82/ 11. 85 Pacific Qyster Sept entoer 1988
82/ 11. 86 Sea-Pun Qutthroat Trout January 1989
82/ 11. 88 A nk Sal non January 1989
82/ 11. 89 Paci fic Razor dam January 1989
82/ 11.93 Gost Shrinp and January 1989
ue Muid Shrinp
Paci fic Sout hwest
82/ 11.28 Glifornia Gunion February 1985
82/ 11. 32 ack, Geen, and Red
Abal one Mar ch 1985
82/11. 44 Galifornia Halibut April 1986
82/ 11. 46 Gonmon Littl eneck A am Apri 1986
82/ 11. 47 Spoi ny Lobst er April 1986
82.11. 49 (hi nook Sal non Apri l 1986
82/ 11.50 Nort her n Anchovy Apri l 1986
82/ 11. 61 S eel head June 1986
82/11.70 Goho Sal non August 1987
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82/11. 79 Pacific Herring February 1988

82/11. 82 Sriped Bass Mar ch 1988

82/11.84 Glifornia Sea Missel Sept entoer 1988
and Bay Mussel

82/ 11. 95 A smo dam February 1989

82/11. 92 Anphi pod January 1989

D2 Soecies Profil es: Whpubl i shed.

South Horida

Ladyfi sh and Tarpon
Reef - Bui | di ng Tube Vérm
ack, Red and Nassau G ouper

South Atlantic

B uefi sh

B ack Sea Bass

A ew fe/ Bl ueback Herring
Hddler Gab

Sriped Bass

North Atlantic

Rai nbow Sel t
ue Missel
Taut og/ Qunner

Md-Alantic

Summer and Wnter H ounder
Atlantic Menhaden

ue Gab

\akf i sh

Atlantic and Shortnose S urgeon
ue Missel

Mid Fddler Cab

Paci fi ¢ Sout hwest

Gangonid Shrinp

Fle Perch and Sriped and
Rubber | i p Seaperch

Dungeness O ab
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Brown, (opper, and B ack
Rockf i shes
Paci fic and Speckl ed Sanddabs
Rock Grabs: Brown, Red,

and Yel | ow G ab

Paci fi c Nort hwest

Sockeye Sal non
English Sole

Pacific Herring
Geoduck

Dover and Rock Sol es
Li ngcod
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GLOSSARY
TERMS
Accretion: May be either natural or artificial. Natural accretion is the
bui |l dup of land, solely by the action of the forces of nature, on a beach by

deposition of water or airborne material. Artificial accretionis a simlar
bui |l dup of | and by reason of an act of nan, such as the accretion formed by a

groin, breakwater, or beach fill deposited by nechani cal neans.
Al gae: Any of a group of nonvascular plants with chl orophyll, |acking true

stens, |eaves, and roots.

Anadronpus: A life cycle in which maturity is attained in the ocean and
adults ascend rivers and streans to spawn in fresh water (e.g., sal nons, shad,
etc.).

Anaer obi c: An oxygen-independent type of respiration.
Backshore: That zone of the shore or beach |ying between the foreshore and
the coastline conprising the bermor berns and acted upon by waves only during

severe storns, especially when combined with exceptionally high water.

Baseline data: Data used as a tenmporal control, collected prior to the envi-
ronment al di sturbance of interest.

Basin: A naturally or artificially enclosed or nearly encl osed harbor area
for small craft.

Bat hynetry: The measurenent of depths of water in oceans, seas, and | akes;
al so informati on derived from such neasurenents.

Bay: A recess in the shore or an inlet of a sea between two capes or head-
| ands, not so large as a gulf but l|arger than a cove.

Beach: The zone of unconsolidated material that extends |andward fromthe
low-water line to the place where there is marked change in nmaterial or

physi ographic form or to the line of permanent vegetation (usually the effec-
tive limt of storm waves).

Benthic: Pertaining to the subaquatic bottomor organisns that |ive on the
bottom of water bodies.

Bent hos: A collective termdescribing (1) bottom organi sns attached or
resting on or in the bottom sediments, and (2) comunity of animals living in
or on the bottom

Berm A nearly horizontal part of the beach or backshore forned by the

deposit of material by wave action. Sone beaches have no berns; others have
one or several
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Bi omass: The amount of living material in a unit area for a unit tinme.
Biota: The living part of a system (flora and fauna).
Breaker: A wave breaking on a shore, over a reef, etc.

Breakwater: A structure protecting a shore area, harbor, anchorage, or basin
from waves.

Bul khead: A structure or partition to retain or prevent sliding of the |and.
A secondary purpose is to protect the upland agai nst danage from wave acti on.

Carrying capacity: The maxi mum nunber of individuals or bionmass that any
particul ar area can support over an extended period of tine.

Channel : (1) A natural or artificial waterway of perceptible extent which

ei ther periodically or continuously contains noving water, or which forns a
connecting link between two bodies of water. (2) The part of a body of water
deep enough to be used for navigation through a body of water otherw se too
shal | ow for navi gation.

Coast: A strip of land of indefinite width (may be several kiloneters) that
extends fromthe shoreline inland to the first major change in terrain
features.

Continental shelf: The zone bordering a continent and extending fromthe
low-water line to the depth (usually about 180 neters) where there is a marked
or rather steep descent toward a greater depth.

Coral : (Biology) Marine coelentrates (Madreporaria), solitary or col oni al
which forma hard external covering of calcium conmpounds or other nmaterials.
The corals which formlarge reefs are linmted to warm shallow waters, while
those fornmng solitary, mnute growhs may be found in colder waters to great
depths. (Geol ogy) The concretion of coral polyps, conmposed al nost whol |y of
cal cium carbonate, formng reefs and tree-like and gl obul ar masses. May al so
i ncl ude cal careous al gae and ot her organi sns produci ng cal careous secretions,
such as bryozoans and hydrozoans.

Current: A flow of water.

Delta: An alluvial deposit, roughly triangular or digitate in shape, fornmed
at a river nouth.

Denersal : Organisnms (usually fish) that live on or slightly above the bottom

Di ssol ved oxygen (DO): The anount of oxygen dissolved in water

Dredge: An apparatus used in the renoval of substrate usually to deepen water
passages.
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Dunes: Ridges or nmounds of |oose, w nd-blown material, usually sand.

Ebb current: The tidal current away from shore or down a tidal stream
usual | y associated with the decrease in height of the tide.

Ebb tide: The period of tide between high water and the succeedi ng | ow wat er
a falling tide.

Eddy: A circular novement of water formed on the side of a main current.
Eddi es may be created at points where the main stream passes projecting
obstructions or where two adjacent currents flow counter to each ot her

Epi benthic: Organisnms that attach thenselves to structures (e.g. rocks) which
lie on the aquatic bottom

Erosion: The wearing away of |and by the action of natural forces. On a
beach, the carrying away of beach material by wave action, tidal currents,
l[ittoral currents, or by deflation.

Escarpnment: A nore or less continuous line of cliffs or steep slopes facing
in one general direction which are caused by erosion or faulting (al so scarp).

Estuary: (1) The part of a river that is affected by tides. (2) The region
near a river nouth in which the fresh water of the river mxes with the salt
wat er of the sea.

Fauna: The entire group of animals in an area.

Flora: The entire group of plants found in an area.

Forage: Food for animals especially when taken by browsing or grazing.
Foreshore: The part of the shore, lying between the crest of the seaward berm
(or upper limt of wave wash at high tide) and the ordinary | owwater nark,
that is ordinarily traversed by the uprush and backrush of the waves as the
tides rise and fall

Geonor phol ogy: That branch of both physiography and geol ogy which deals with

the formof the earth, the general configuration of its surface, and the
changes that take place in the evolution of |andform

Groin: A shore protection structure built (usually perpendicular to the
shoreline) to trap littoral drift or retard erosion of the shore.

Harbor: Any protected water area affording a place of safety for vessels.

Hydrol ysis: A chemical process of deconposition involving splitting of a bond
and addition of the elenents of water.
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Hypot hesis: A tentative conclusion made in order to draw out and test its
| ogi cal or enpirical consequences.

Inlet: (1) A short, narrow waterway connecting a bay, |agoon, or simlar body
of water with a large parent body of water. (2) An arm of the sea (or other
body of water) that is long conpared to its width and may extend a consi der-
abl e di stance inl and.

I nshore: The zone of variable width extending fromthe |owwater |ine through
t he breaker zone.

Intertidal zone: See littoral zone.

Jetty: On open seacoasts, a structure extending into a body of water, which
is designed to prevent shoaling of a channel by littoral materials and to
direct and confine the streamor tidal flow Jetties are built at the nouths
of rivers or tidal inlets to help deepen and stabilize a channel

Lee: Shelter, or the part or side sheltered or turned away fromthe w nd or
waves.

Levee: A dike or enbanknent to protect land frominundation

Littoral transport: The novenent of littoral drift in the littoral zone by
waves and currents.

Littoral zone: The zone fromhigh-tide | evel to edge of continental shelf.

Longshore: Parallel to and near the shoreline.
Macr of auna: Those animals equal to or larger than 0.5 mllinmeter in size.

Marsh: An area of soft, wet, or periodically inundated | and, generally tree-
| ess and usually characterized by grasses and ot her | ow grow h.

Mean high water (MHW. The average hei ght of the high waters over a 19-year
peri od. For shorter periods of observation, corrections are applied to elim -
nate known variations and reduce the results to the equival ent of a nean
19-year value. Al high-water heights are included in the average where the
type of tide is either sem diurnal or mxed. Only the higher high-water

hei ghts are included in the average where the type of tide is diurnal. So
determ ned, nean high water in the latter case is the same as nean hi gher high
wat er .

Mean | ow water (MW : The average height of the |ow waters over a 19-year

peri od. For shorter periods of observation, corrections are applied to elim -
nate known variations and reduce the results to the equival ent of a nean
19-year value. Al |lowwater heights are included in the average where the
type of tide is either sem diurnal or mxed. Only | ower |owwater heights are
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i ncluded in the average where the type of tide is diurnal. So determ ned,
mean |low water in the latter case is the same as nmean | ower | ow water

Mei of auna: Generally those interstitial animals below 0.5 millineter.

Mtigation: Avoiding the inpact of a certain action or part of an action;
mnimzing inpacts by limting the degree of magnitude of an action; rectify-
ing an inpact by repairing, rehabilitating, or restoring the affected environ-
nment; reducing an inpact over time by preserving and maintai ni ng operations
during the life of the action; conpensating the inpact by replacing or provid-
ing substitute resources or environnments.

Nearshore: An indefinite zone extending seaward fromthe shoreline wel
beyond the breaker zone.

Nekt on: Those aquatic animals able to swmefficiently, and not mainly at the
mercy of currents.

Onshore: A direction | andward fromthe sea.

Gsnor equl atory: The mai ntenance of constant osnotic pressure in the body of a
[iving organi sm

Overwash: That portion of the uprush that carries over the crest of a berm or
of a structure.

Pel agic: Al ocean waters covering the benthic region.

Peri phyton: Any organism attached or clinging to stens, |eaves, or other sur-
faces of plants under the water.

Pl ankt on: Those organi sns passively drifting or weakly swimming in marine or
fresh water.

Primary production: The rate at which energy is stored by photosynthesizing
organi sm (chiefly green plants) in the form of organic substances.

"Red Tide" organism Planktonic organismthat produces toxic substances that
can contribute to killing of great numbers of narine aninals.

Revetnent: A facing of stone, concrete, etc., built to protect a scrap
embankment, or shore structure agai nst erosion by wave action or currents.

Ri prap: A protective layer or facing of quarrystone, usually well-graded
within wide size lint, randomy placed to prevent erosion, scour, or

sl oughi ng of an enbanknent or bluff; also the stone so used. The quarrystone
is placed in a layer at |least twice the thickness of the 50 percent size, or
1.25 times the thickness of the |argest size stone in the gradation
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Rubbl e: (1) Loose angul ar waterworn stones along a beach. (2) Rough, irregu-
lar fragnents of broken rock

Rubbl e- mound structure: A nound of random shaped and random pl aced stones
protected with a cover |ayer of selected stones or specially shaped concrete
arnor units. (Arnmor units in a primary cover |layer may be placed in an
orderly manner or dunped at randonj.

Salt marsh: A marsh periodically flooded by salt water.

Scour: Renpval of underwater material by waves and currents, especially at
the base or tow of a shore structure.

Seagr ass: Menbers of marine seed plants that grow chiefly on sand or sand-
mud
bottom They are nost abundant in water |less than 9 neters deep

Seawal | : A structure separating |land and water areas, primarily designed to
prevent erosion and other damage due to wave action.

Sessile: Any organi smwhich usually is fixed but nmay nove infrequently or may
be permanently attached.

Sheet pile: Apile with a generally slender flat cross section to be driven
into the ground or seabed and meshed or interlocked with |ike nembers to form
a di aphragm wall, or bul khead.

Shellfish: Any aquatic invertebrate with a hard external covering;, nore com
nonly mol | usks and crustaceans.

Shoreline: The intersection of a specified plane of water with the shore or
beach (e.g., the high-water shoreline would be the intersection of the plane
of mean high water with the shore or beach). The Iine delineating the shore-
line on National Ccean Survey nautical charts and surveys approxi nates the
mean hi gh-water |ine.

Sorption: The process of being taken up and held by either adsorption or
absorpti on.

Sound: A relatively long armof the sea or ocean fornm ng a channel between
an

i sland and a nminland or connecting two | arger bodies, as a sea and the ocean
or two parts of the same body; usually w der and nore extensive than a strait.

Subtidal: The region extending belowthe intertidal to the edge of the con-
ti nental shelf.

Supratidal: The zone i medi ately adjacent to the nean hi gh-water |evel; com
nonly called the splash zone.

Surf zone: The area between the outernobst breaker and the limt of wave
uprush.
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Tide: The periodic rising and falling of the water that results fromgravita-
tional attraction of the moon and sun and ot her astronom cal bodies acting

upon the rotating earth.

Tonbol 0: A bar or spit that connects or "ties" an island to the nainland or
to anot her island.

Topography: The configuration of a surface, including its relief and the
positions of its streans, roads, buildings, etc.

Toxi cant: A poisonous agent.
Turbidity: A condition where transparency of water is reduced. It is an
opti cal phenomenon and does not necessarily have a direct linear relationship

to particulate concentration.

Vol atile: The tendency of a substance to erupt violently or evaporate
rapidly.

Wave: A ridge, deformation, or undul ation of the surface of a liquid.

Weir: A low section in an updrift jetty over which littoral drift noves into
a predredged deposition basin which is dredged periodically.
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