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change in water storage in the wetlands impoundment, m?

direct precipitation on the wetland impoundment, m®

runoff through overland flow into the wetland, m?

streamflow directly into the wetland, m®

inflow from adjacent stream flooding, m*

wetland inflow from groundwater, m?

tidal inflows, m?

inflow from pumping, diversions, or other artificial water source, m?®
evaporation from the wetland surface, m®

transpiration, m®

outflow from streams |leaving the wetland, m?

overland outflow due to wetland flooding, m®

groundwater percolation below the root zone, m?

tidal outflows, m?®

outflows from pumping, diversions, or other artificial sinks, m®

size of sample (number of sample units) required

sample standard deviation

afactor obtained from Statistical Tables of t

maximum acceptable error between the sample average and the unknown population
average

the range of values from samples obtained (i.e., the maximum test value minus the
minimum test value)

overall measurement variance

variance due to material quality (i.e., the combined variance due to material composition
and placement process variability)

variance due to the testing process.

ultimate bearing capacity, kPa

cohesion (50 percent of unconfined compressive strength), kPa
normal force on the shear plane, kPa

pore water pressure, kPa

= coefficient of internal friction, unitless

flow rate, m*/sec

discharge coefficient, m®%/sec

the effective horizontal length of the weir in feet, m

the height of the energy line above the weir in feet, m

horizontal velocity of flow, m/sec

gravitational acceleration, m/sec®

= hydraulic grade line

= energy grade line

actual weir length, m
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w’ actual weir length, m

AW, changein weir length (note that all changes shorten the weir length), m
W enion = Width of weir obstruction at widest point, m.
wind speed, m/sec

wind stress, m/sec.

wave height, m

water depth, m

wind fetch, m.

wave period, sec.

weight of an individual armor stone (N)

wave height (m)

specific gravity of the armor stone, unitless,

= dope of the structure expressed as horizontal units/ vertical unit
stability coefficient

unit weight of the rock (N/m?)

unit weight of water (N/m?)

riprap size of which 30 percent isfiner by weight, m
safety factor, unitless

stability coefficient for incipient failure, thickness

= gradation uniformity coefficient

vertical velocity distribution coefficient

centerline radius of bend

water surface width at upstream end of bend

blanket thickness coefficient

local depth of flow

unit weight of water

unit weight of stone

local depth averaged velocity

gravitational constant

side slope correction factor

stability number (lower value more stable), unitless
significant wave height, m

median stone diameter, m

unit weight of the stone, g/lcm?®

unit weight of water , g/cm?® (fresh water: 1.000 g/lcm?®, seawater: 1.025 g/cm®)
deepwater wavelength, m

deepwater significant wave height, m.
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1-1 Introduction?

Purpose and Scope

Purpose

Wetland restoration requires the establishment or reestablishment of conditions conduciveto
the development of a viable wetland ecosystem. Wetland restoration or establishment is along-
term process, so these conditions must be sustained for an extended period of time to allow
natural maturation into a viable wetland. Wetlands are dynamic ecosystems, continuously
changing in response to new site conditions.

Some fundamental conditions are necessary for awetland to exist. These include afavorable
hydrology and a substrate capable of supporting hydrophytic vegetation. The existence of these
conditions allows natural biological, chemical, and physical functions that make wetlands such
valuable ecosystem components to occur without impediment. Establishing site conditions to
support a set of desired wetland functions over an extended period requires carefully devel oped
design plans which utilize natural site characteristics and considers the unique construction and
management requirements of wetland projects. Our limited understanding of wetland systems,
however, precludes the development of designs that assure complete achievement of al project
objectives. Thus, wetland restoration or creation projects require careful monitoring to determine
the project's progress toward established success criteria.

Scope

This handbook discusses engineering procedures for establishing necessary hydrologic
conditions, geotechnical design, and soils handling for site modification, selecting appropriate
vegetation and planting schemes, and establishing substrate conditions conducive to the desired
functions. It also discusses baseline assessments of existing site conditions, monitoring strategies
to determine long-term success, and contracting considerations.

The handbook is not intended to be a comprehensive reference that allows a single individual
to develop a complete wetland design. Much of the guidance is genera in nature and applies to
projectsin avariety of settings. The general discussions apply whether a project involves
enhancing an existing wetland or creating a new wetland area in an upland environment.
Certainly, some variations in approach are necessary for different environments (i.e., coastal

! By Donald F. Hayes

Chapter 1-1 Introduction Page 1-1
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versus inland); these are indicated where appropriate. Additionally, individuals can familiarize
themsel ves with aspects of wetlands projects other than those associated with their own technical
discipline. Increased familiarity with overall design requirements improves coordination between
project components and design team members. A common nomenclature has been adopted to
further enhance communication between disciplines.

Including extensive details of all possible engineering approachesin asingle referenceis not
feasible. Thus, this handbook includes abbreviated discussions of common approaches for which
details can be found elsewhere; references that include these details are provided where
appropriate. Engineering concepts and designs involved in wetlands projects are often rather
simplistic and fundamental. Hence, some discussions in this handbook may seem trivia to
persons familiar with a specific subject area. However, these same discussions should prove
enlightening to persons with other backgrounds. A successful wetlands design, no matter how
small, requires the expertise of an interdisciplinary team.

Organization

This handbook is divided into five major divisions that follow the normal sequence of
wetland restoration or creation projects. Introduction, Site Assessment, Design, Construction,
and Monitoring. It is further divided into eight descriptive sections plus a collection of
supplemental materials that may be helpful during various phases of a project. The sections are
closely tied to one another so that duplication of material is kept to a minimum. Each section
includes its own Contents, Figures, Tables, and References.

This section, Section 1, provides a general introduction to the handbook, its contents, its
purposes, and its usage. Section 1 also discusses a general decision-making process involved in
wetland restoration or creation projects. The outline of this handbook generally follows this
logical decision process. Thus, the decision processis afundamental component of the
engineering guidance.

Section 2 describes methodol ogies and requirements for data collection and site assessment.
Section 2 discusses fast, low-cost, field-based sampling and data gathering techniques that can
be performed at candidate wetland restoration or creation sites during initial screening. Since
many of the same techniques are used in more extensive sampling and data gathering efforts,
Section 2 al'so discusses procedures normally used for more extensive site assessment even
though these normally would be applied only after the siteis selected.

Section 3 describes the development of conceptual designs for candidate project sites based
upon existing site conditions and desired wetland functions. Since designs must provide
conditions that facilitate the desired functions, Section 3 provides an introduction to the
hydrogeomorphic (HGM) approach and the development of design criteria. A more detailed
report, Design Criteria for Wetland Restoration and Creation, is being prepared which
provides specific design requirements for alarge matrix of functions and site conditions.

Sections 4, 5, and 6 form the nucleus of this handbook. They provide guidance to develop a
detailed design which provides the desired conditions based upon a conceptual design. Each
section focuses on one of the fundamental components of the design - soils, hydrology, and
vegetation.

Page 1-2 Chapter 1-1 Introduction
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Section 4 covers geotechnical aspects of wetlands restoration or creation projects. Wet, soft
soils associated with most wetland projects present specia challenges for earthmoving and soils
handling. This section describes soils handling and earthwork techniques for these soft soil
environments including dike construction, excavation, and containment of dredged material.
Section 4 a'so discusses desirable substrate characteristics, obtaining substrate from other natural
sources, and the natural and laboratory devel opment of substrate from nonhydric soils.

Section 5 describes methodol ogies for establishing hydrologic conditions within the wetland
environment that are conducive to the desired wetland function. Surface water and groundwater
aspects of wetland hydrology are discussed in detail. Section 5 also discusses the design of water
control structures for surface water retention.

Section 6 presents considerations and requirements for establishing desirable vegetation at a
wetland restoration and creation site. The section discusses plant selection, material sources, and
planting schemes.

Section 7, Site Construction and Management, discusses pragmatic considerations
associated with the construction phase of the project including contracting recommendations,
scheduling, and contractor selection.

Following construction, wetlands require a substantial amount of time to become fully
productive ecosystems. Thus, evaluating awetland in light of its success in meeting the project
objectives requires that its progress toward achieving those objectives be monitored during the
interim period. Section 8, Monitoring and Evaluating Success, discusses monitoring strategies
and requirements to evaluate wetland success and progress toward success.

Chapter 1-1 Introduction Page 1-3
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1-2 Decision Process for
Restoration or Creation Projects®

Restoring or establishing a wetlands system can be a complex process. Often, success
requires integrating expertise from disparate technical disciplinesinto acomprehensive and
coherent design. A fully successful design must satisfy project objectives, provide the desired
wetland functions, fit seamlessly into the landscape, and remain viable for the expected life. It
must also fit a niche within the ecosystem for which a demand exists. Frequently, wetland
projects are expected to accomplish these lofty goals in a very short period as compared to the
many years required for a natural wetlands to mature.

When present, these complexities and goals require that a carefully devel oped sequence of
events be followed to achieve specific project goals. This same event sequence applies whether
the wetland project is only asmall part of a much larger project or it isasingular focus
altogether. Palermo (1993) provided a simple, yet comprehensive, design sequence for wetland
restoration and establishment which formed the basisfor Figure 1-1. The organization of this
handbook generally follows this design sequence. Additionally, similar flowcharts that fit within
Figure 1-1 are presented at other crucial locations in the handbook such as the major design
sections on vegetation, hydrology, and soils. These detailed decision sequences also evolved
from the design sequence presented by Palermo (1993).

The use of these flowcharts does not ensure that the design process will yield a successful
design. Similarly, following a different path will not necessarily result in design difficulties. The
purpose of this design sequenceisto present alogical, methodical processfor all partiesinvolved
in the design process. This approach provides a benchmark of how far along the processis at any
point in time. This section provides a brief discussion of each major component of the decision
sequence.

Wetland mitigation efforts must be based in solid science. Often, the adoption of engineering
protocolsis the best way to ensure good implementation of the science--the real reason for this
handbook. The value of amitigation cannot be judged based on the complexity of the mitigation
or the cost of the mitigation. Simple low-cost mitigation efforts can be as meaningful as complex
expensive efforts.

1 By Donald F. Hayes and Andrew C. Connell

Page 1-4 Chapter 1-2 Decision Process for Restoration or Creation Projects
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Project Initiation

Despite the many similarities between the large number of wetland restoration or
establishment projects that are undertaken, the ways in which the projects are initiated vary
dramatically. In some cases, wetland projects mitigate for anticipated or historic wetland losses.
In other cases, the public or some public agency may desire to restore or establish awetland
system that provides missing or heeded ecosystem functions.

Regardless of how a project isinitiated, there are two distinctly different project types - those
for which a site is specified and those that seek to identify a site capable of satisfying the project
objectives. This distinction greatly impacts the remainder of the design process. Projects
designed for a specific site must fit within the constraints and limitations of the siteitself. The
design challenge is to modify the site topography, soils, and hydrology to ensure the creation or
restoration of awetland into an integral part of the landscape and ecosystem. Many wetland
proj ects are associated with a specific site; seldom is there the luxury to locate the most
compatible site for already established project objectives.

The primary difference in the design process for projects which are considering multiple
locations is the additional burden of identifying candidate sites, screening the candidates for
those that are most compatible with the project objectives, and performing preliminary designs
for the most promising sites. This additional burden, however, may be well rewarded. The best
wetland projects are usually those that require the least modification to existing conditions. Sites
that have all components in place but that need only minor modifications to become aviable
wetland ecosystem usually offer the most cost-effective solutions and are the most likely to be
successful. Additionally, they are easiest to integrate into the existing landscape. In short, the
design process is simplified when the site is conducive to the development of awetland system.

Defining Project Goals and Objectives

Wetlands restoration and establishment enjoys an immense popularity with the public. Many
governmental and nonprofit organizations are undertaking wetlands projects because of this
strong popularity. In other cases, wetland restoration or establishment is required as mitigation
for historic or anticipated damage to existing wetland systems.

Regardless of the driving force behind the project, the goals and objectives must be clearly
defined early in the process. Specific, well-defined project objectives are necessary for the
design process to be successful. Objectives should be stated in simple and straightforward terms,
easily understood by all parties and carefully prioritized. Some wetlands functions cannot coexist
with other functions or cannot be provided in certain wetland types; thus, primary and secondary
objectives need to be established so that appropriate trade-offs can be made.
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Site Compatibility

Appropriate hydrologic conditions are the key to the successful establishment of wetland
vegetation and wildlife assemblages. Although wetland-like conditions may be produced at
virtually any site by means of extreme engineering measures, this approach is discouraged. The
chosen site should have hydrologic characteristics that will not require elaborate control
structures or intensive maintenance. Projectsthat are self-maintaining are more likely to produce
a stable wetland ecosystem that mimics natural conditions. The continuous maintenance
required for expensive and elaborate engineering works is not only disruptive to the devel oping
ecosystem, but also expensive. Additional information on developing designs that are compatible
with site characteristics and constraintsis presented throughout this handbook.
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1-3 Ecosystem Considerations®

Ecosystem Characteristics

For the purposes of this discussion, an ecosystem is defined as (from WRP Glossary - TA6
1995),

“Any unit that includes all of the organisms (community) in a given area interacting with
the physical environment so that flows of energy and nutrients lead to clearly defined
trophic structure, biotic diversity, and material cycles within the system; the interactive
system of producers, consumers, and decomposers and their abiotic environment in a
more or less defined area.”

The flow of energy and nutrients through all ecosystems starts with energy (e.g., sunlight,
wind, tides) and nutrient inputs (e.g., rainfall, floodwater) into the system. Plants transform these
inputs to forms of energy and nutrients that are then available to animals and decomposers of the
ecosystem (Odum 1983). The primary reason for the focus on wetland vegetation establishment
for successful wetland restoration or creation is that plants are the critical basis for energy and
nutrient flows within all natural ecosystems.

Ecosystems vary dramatically in size, and boundaries are usually determined subjectively
(Odum 1983). The entire planet Earth can be correctly defined as an ecosystem just as a
watershed or awetland. For the purpose of wetland restoration, however, the term "wetland
ecosystem" usually refersto the wetland itself and immediate surrounding uplands, but usually
excludes the larger surrounding upland areas. However, ecosystems are not closed systems and,
as such, cannot continue to function without inputs from outside the ecosystem (Odum 1983).
Energy, water, and nutrient inputs into wetland ecosystems include those from the surrounding
landscape (Johnston 1993). A knowledge of these inputsis particularly important in wetland
restoration. A wetland project is not likely to be successful if exchanges with the surrounding
ecosystems are not considered, whether those surroundings are natural or include human
influences (Marble 1990, Adamus et al. 1991).

Characteristic ecosystems devel op under similar conditions (Odum 1975), but the concepts
of nonequilibrium vegetation dynamics and disturbance emphasi ze the unpredictability of
community development (Pickett and White 1985; Zedler 1996). Effects of temperature and
rainfall are evident in the regional distributions of vegetation typesin North America (Bailey
1976). For example, boreal forests are located in northern climes, deserts occur in the southwest,

1 By Mary M. Davis
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and pine forests are common in the southeast. Further distinctions of ecosystemson a
subregional basis depend on local hydrogeomorphic settings (Brinson 1993). For example,
prairie potholes are depressional wetlands that occur within the northern Great Plains; cypress
domes are depressional wetlands that occur within the Southeastern pinelands; and limited
riparian and high altitude depressional wetlands occur in the arid Southwest. Regional wetlands
have characteristic hydrologies, soils, vegetation, and fauna. The best wetland model for a
wetland restoration or establishment project is the locally dominant wetland type that is situated
in conditions as similar to the project site as possible. If hydrology, energy, and soils of a project
site are similar to reference native wetlands, the probability isincreased that vegetation similar to
native wetland vegetation can be supported.

If levels and types of inputs into an ecosystem change, the ecosystem will change (Odum
1983). Changesin water supply, nutrients, or other factors have direct impacts on the plant
species composition, structure, and productivity that in turn impact the consumers and
decomposers of the ecosystem. The "greenhouse effect” is a commonly referred to example of
predicted changesin global energy cyclesthat will have dire impacts on the present distribution
and types of ecosystems. For another example, eutrophication of wetlands can result from
excessive nutrient inputs into wetlands that are beyond the utilization and trapping capacity of
the existing system. As a consequence, the characteristic plants and animals of the eutrophic
wetland ecosystem are different from previous conditions (Neill 1990, Stewart and Nilson 1993,
Ehrenfeld and Schneider 1993). Altered hydrology is aprimary cause for shiftsin vegetation
species and structure in wetlands (Fredrickson 1978, Mitchell and Niering 1993).

In addition to human influences on inputs, natural variations in water supply and climate
affect wetland ecosystems. Annual differencesin rainfall amounts are particularly important for
wetland restoration and establishment project success during the early developmental stages. For
example, in forested wetlands, extended period of drought during the growing season lowers
seedling establishment compared to establishment during periods of normal rainfall (Johnson and
Krinard 1985). Severe or unpredictable climatic conditions may retard natural revegetation of an
area or preclude survival of transplants. It isnot uncommon for western riparian mitigations to
include irrigation elements to facilitate the initial plant establishment.

Ecosystems change with time (Odum 1975). The maturation process of natural ecosystemsis
termed “succession” (Drury and Nisbet 1973) or ecosystem development (Niering 1987). Eco-
systems devel op from two starting conditions. The first type of development, often called pri-
mary succession, takes place on newly formed areas where no ecosystem has ever occurred
before, such as on volcanic flows, which can eventually support diverse, mature forests. In this
situation, ecosystem development is extremely slow. Soils must form. Colonization by
microbes, plants, and animalsis slow at first due to the extremely harsh and stressful conditions.
Wetland establishment on mined landscapes can be considered to be primary succession.
Ecosystems, however, more commonly devel op following a disturbance that is severe enough
that ecosystem devel opment is set back to earlier developmental stages or the system must
develop anew (Drury and Nisbet 1973). This second type of ecosystem development is called
secondary succession. An example of secondary succession is the development of aforest over
many years after an agricultural field isleft fallow. In this situation, ecosystem development is
more rapid. Soils capable of supporting plants are already formed. Site conditions are not as
harsh and colonization israpid. The types of plants and animals present will change over time.
For example in old field succession, annual grasses and forbs are often dominant in the first year.
These annuals are most competitive on bare mineral soils. As colonizing plants become
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established, conditions for plant growth change and different species become dominant that were
not tolerant of the earlier site conditions. Shrubs may dominate early and mid developmental
stages. Trees begin to colonize a site during early succession, but do not dominate the site
structurally until mid to late successional phases. Under the developing tree canopy, a different
suite of shade-tolerant shrubs may then develop. Eventually, the rate of new species
introductions decreases, the plants on site regenerate themselves, and the species compasition
stabilizes. At this point, the system is considered to bein a"climax" or arelatively steady state
(Odum 1975, Neiring 1987). Most cases of wetland restoration can be considered to be related
to secondary succession because project site conditions till retain some of the components of the
degraded wetland system.

Disturbance is a common force in ecosystem dynamics. As systems are developing toward a
steady state, disturbances of various types and levels of intensity occur that can ater the
vegetation developmental process. Disturbances can affect the types and structures of plant
populations in a community by

» changing species mixtures by eliminating propagules (i.e., seeds and vegetative
propagules) of some species,

e creating harsh conditions for seed germination or vegetative growth for some species
or enhanced conditions for others,

» reducing or increasing competition for available resources by removing dominant
vegetation,

» altering growing conditions that change species survival, growth, and reproduction
rates, hence shifting species dominance, composition, and structure.

Ecosystems that are regularly subjected to low-intensity disturbances (e.g., firein
Southeastern pine forests and inundation in wetlands) have characteristic species associations
that are adapted to these conditions. If the communities are mature, thereislittle species
turnover after alow-intensity disturbance, and the species complement remainsin arelatively
steady state (see Figure 6-2). The occurrence of disturbance can act to reduce competition from
species that would invade in the absence of the disturbance (such as a pine forest developing into
amixed hardwood forest in the absence of fire or awetland forest developing a more mesic
mixture of species when drained). "Disturbance" can be amisleading term; fire and water, for
example, are natural disturbance forces in the landscape that are necessary to maintain certain
types of communities.

High-intensity natural disturbances usually occur with less frequency and are more
catastrophic than low-intensity disturbances. Intense disturbances can remove al vegetation and
set back succession to the initial developmental stages. For example, prolonged flooding creates
conditions beyond the tolerance threshold of many wetland species, and they eventually
succumb. As described above, fallow agricultural fields have been subjected to intense land use
practices that remove al natural vegetation. The resulting successional plant communities
develop and change with time.

Steady-state ecosystems and those near steady state have characteristics that are desirable
goals for ecosystem restoration. Ewel (1990) described a successfully restored ecosystem as:
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1. capable of regenerating itself without management

2. resistant to invasion by new species

3. ableto maintain a balance between productivity, herbivory, and mortality
4. capable of retaining sufficient nutrients to sustain itself

5. composed of organisms with complex interactions

These points assume the presence of a mature ecosystem at arelatively steady state. The
establishment of arelatively steady-state ecosystem is often the unstated goal of wetland
restoration and establishment projects. Restoration and establishment efforts are intended to
accel erate many wetland ecosystem devel opment processes and shorten the time required to
reach the desired system (Best et al. 1987). For instance, planting desired plant species should
force asiteto skip or accelerate theinitial colonization stages and allow the establishment and
growth of the target plant community. This goal islikely to be met in a short time frame if the
target species are grasses and herbs that can rapidly dominate a wetland project site. If the target
wetland ecosystem is a swamp, however, meeting the goal becomes more tenuous (Kusler and
Kentula (1990), but see Clewell and Lea 1990). Furthermore, when the target plant community
is attained, the community should be able to maintain itself with a minimum of intervention.
Wetland project goals must allow leeway for natural wetland ecosystem processes to develop
when setting the time frame for determining project success.

Wetland Ecosystems

Wetland ecosystems are located along a moisture gradient between well-drained uplands and
deepwater aguatic systems. Although thereis not an accepted ecologic definition of wetlands,
they are characterized by:

1. the presence of water
2. unique soilsthat differ from upland soils
3. the presence of vegetation adapted to saturated conditions

Hydrology is the most important determinant for the establishment and maintenance of
specific types of wetland plants and wetland processes (Mitsch and Gosselink 1986). The depth,
duration, and frequency of inundation or saturation and flow limit the distribution of wetland
species richness and compasition (Bedinger 1978, Fredrickson 1978), primary productivity
(Mitsch and Ewel 1979), organic matter accumulation and export, and nutrient cycling (Gambrell
and Patrick 1978). Soil saturation, however, regulates most biological and chemical processesin
wetlands (Ponnamperuma 1972, Rowell 1981). Saturation or inundation of soilsis critical to
wetland processes because:

1) abarrier to oxygen diffusion is formed that limits the oxygen required for
respiration;
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2) biogeochemical transformations take place in the absence of oxygen that affect
nutrient availability

3) detoxification and diffusion of toxins away from living tissues are limited.

Effects of Inundation on Biogeochemical Processes

Aswater levelsrise in awetland, air is displaced from the soil pore spaces. Living
organisms in the soil (e.g., fungus, bacteria, invertebrates) continue to respire for some time
(Rowell 1981).

Aerobic respiration is the process by which oxygen is metabolically combined with an
energy source, such as the organic matter on the wetland floor, to produce energy in the
form of ATP. Energy is required for maintenance of living tissue, growth, and
reproduction. The end products are water and carbon dioxide.

Free oxygen (i.e., O, rather than oxygen contained in other molecules) is eventually consumed
from the saturated soils, and aerobic respiration is no longer possible. Oxygen is not readily
replaced in saturated soils due to slow diffusion rates through water.

Many organisms found in wetlands, however, are capable of anaerobic respiration.
Anaerabic respiration takes place in the absence of free oxygen and is the process by which a
molecular acceptor of electrons other than O, is combined with an energy source to produce
ATP. Anaerobic respiration produces less ATP than aerobic respiration. End products include
acetic acid, lactic acid, and ethanol. Thereis, therefore, less energy available under anaerobic
conditions for the same amount of organic matter consumed under aeraobic conditions. In
addition, high concentrations of the end products of anaerobic respiration are toxic to living
organisms (Rowell 1981). Life under anaerobic conditions must be able to subsist on less energy
and have adaptations to minimize effects of toxic end products.

Molecular oxygen is generally consumed from wetland soils within several hours of
inundation (Ponnamperuma 1972). Organisms incapable of anaerobic respiration must either
escape or die. Asanaerobic respiration proceeds, several biogeochemical changes occur
(Ponnamperuma 1972). Electrons are transferred to oxidants, which are molecules that easily
accept electrons (i.e., in order of ease of electron acceptance: O, > NO, > Mn*, Fe"™*> SO, >
CO,). Asoxidants accept electrons, their oxidation state is reduced (i.e., becomes more
negatively charged). The reduction-oxidation (redox) potential of the soil becomes reduced, and
the system becomes more acidic followed by another pH change toward circumneutral. Forms
and availability of nutrients are changed. For example, nitrogen, phosphorus, and many
micronutrients become more soluble. These nutrients are more readily available for plant uptake.
As a consequence of increased solubility, however, nutrients can be washed away or leached
from the system, especially calcium and potassium. It isin this manner that nutrients required
for plant growth can be lost from anaeraobic systems.
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2-1 Site Investigations®

Knowledge of the existing site topography, soils, hydrology, and vegetation, along with other
pertinent site information such as climate, water rights, and site history, is essential to the
development of a successful design for the restoration or creation of awetland. The sources and
amounts of information to be obtained about the wetland site will change as the site investigation
process proceeds from the screening of candidate sites, through specific site studies, to the design
and itsimplementation at a specific site.

This section discusses information needed for effective decision making about specific
design or evaluation activities. This chapter describes the stages, or tiers, of site investigation
activities developed in atypical wetland restoration or creation project. Methods and procedures
for gathering site information and, where possible, typical costs for site investigation or data
gathering exercises are included. Because data gathering activities at all stages of the
investigation process depend on sampling and testing, the general concepts used in selecting
sampling plans and treatment of the data are described below. These data gathering and analysis
concepts are applicable to all areas of site investigation -- topography, soils, hydrology, and
vegetation.

Tiered Site Investigations

Site investigation for developing design information is an evolutionary process that begins
with the first reconnaissance survey of the site and continues through project construction.
Information required for making decisions is obtained when it is needed. Early decisions on site
selection and evaluation can often be made successfully solely on the basis of the information
gathered during a literature search and one or more site visits. Later decisions affecting design
may require quite detailed data that can only be obtained during a construction monitoring
program. Consequently, site investigations are most effective when conducted in stages, or tiers.

Site investigation usually follows a progression of events such as shownin Figure 2-1. The
decision flowchart shown in that figure indicates the stages, or tiersin forming the site
investigation:

1 By S. Joseph Spigolon and Donald F. Hayes
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Figure 2-1. Flowchart of general site investigation process.

a. Reconnaissance surveys of candidate sites. A preliminary site survey is made to screen
each of the candidate sites for compatibility with project objectives. One or more
individual sites are selected for inclusion in the wetland restoration or creation project.

b. Baselinesiteinvestigation. Each site selected for construction is subjected to a baseline
site investigation. The investigation obtains the information about the existing character
of the topography, soils, hydrology, and vegetation needed for design and as a baseline
for evaluating project success.
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c. Detailed subsurface investigations. Detailed, geotechnical subsurface investigations of
soils for structures and earthwork are made at specific sites for the work during the
baseline site investigation if the preliminary site design concepts establish the locations.
If the locations and character of any structures or earthworks are established after the
baseline investigation is completed, then additional subsurface investigation is made
when needed.

Reconnaissance surveys of candidate sites

Projects not associated with a specific site require that sites suitable for wetland creation or
restoration be identified and screened for consideration. The size of the areainvestigated for
possible sites depends on overall project objectives, but may be limited to theimmediate
watershed or some portion of that watershed. Several potential sites should be identified for
consideration in the screening process.

The screening survey should start with identification of all candidate sites on topographic,
soil survey, geologic, land use, and ownership maps of the area. This may be augmented by the
knowledge of the area by the environmental arms of the federal, state, or local governments, or of
local environmental organizations. These sites should be selected on the basis of their
geographic location, favorabl e topography, ability to support a wetland, and compatibility with
project objectives.

Those sites selected for additional consideration should then be further investigated. A
literature search, or a desk study, is made of the available literature about the site, both published
and unpublished. The surface of the site and of road cuts, the drainage patterns, and the existing
vegetation are viewed during a personal site inspection, or field reconnaissance. The
reconnaissance is often greatly enhanced by one or more overflightsin alight aircraft or
helicopter.

Baseline site investigations

One or more candidate sites are selected for design and construction based upon the
reconnaissance surveys. Before analyses or designs can be implemented for a wetland
restoration or creation site, a baseline site investigation should be conducted. The baseline site
investigation serves two objectives: (1) to determine the existing conditions at the wetland site
(i.e, theinitial topographic, soils, hydrologic, and vegetation conditions) in sufficient detail that
effective design decisions for creation or restoration can be made, and (2) to establish a baseline
against which the value and effectiveness of all planned and actual site modifications can be
measured. These objectives are generally accomplished by field observations and measurements
and by the testing of samples of soil, water, and vegetation.

Wetland site attributes
The four components of awetland site whose attributes must be characterized from the

baseline site investigation are (a) the existing topography, (b) the existing near-surface soils, (c)
the existing hydrologic system, and (d) the existing vegetation. A general summary of the kinds
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of information that will be needed is given below. Individual projects may require additional
information.

(&) Topography. Topographic maps prepared at a suitable scale show the horizontal
location of all natural and man-made features on the wetland site, including the shoreline
configuration of all bodies of water. These maps also show elevations at contour intervals so that
slope angles, slope aspects, and water flow lines can be determined with reasonable precision.

(b) Soil properties. The near-surface soils, and particularly those comprising the solum,
should be tested for permeability and for fertility, organic content, salinity, pH, texture, structure,
density, moisture content, compaction (pans), and other pertinent attributes. The subsoils may
also be tested for texture, consistency limits, permeability, and in situ strength, particularly if itis
known, or suspected, that a structure will be built or an excavation will occur at a specific
location.

(c) Hydrologic system. The project hydrologist needs information about the topography,
the vegetation and its distribution, the character of the near-surface soils as they affect potential
erosion, weather records, and hydrologic records. For vegetation analyses, it is hecessary that the
soils be tested for nutrient content, pH, texture, and organic content. Water may be tested
similarly for turbidity, hardness, and heavy metals.

(d) Vegetation. The types and densities of the various plants existing at the wetland site and
their distribution over the landscape must be established.

Detailed subsurface investigations

If information about existing or potential substrate sources or/and the geotechnical character
of the subsurface soils at mgjor structure sites and excavation areas is required, a detailed
subsurface investigation ismade. The subsurface investigation may be done in conjunction with
the baseline site investigation, if substrate sources or/and structure locations are reasonably well
known at that time, or may be made at alater time when the locations have been identified. The
objective of the detailed subsurface investigation is considerably different than that of the
baseline site investigation. It is generally directed toward obtaining information about modifying
the project’ s soils rather than determining their existing wetland characteristics.

Statistical Treatment of Site Investigation Data

During a site investigation, tests or observations are typically made of the significant
attributes of the soils, hydrology, vegetation, and other factors that affect the wetland site. All
attributes of awetland are naturally variable, i.e., they are not uniform. The data obtained asa
result of tests or observations are used to estimate the character of each of the tested attributes
within the entire area or volume investigated.

Variability of wetland site attributes

A plot, or deposit, is defined as alimited area or volume of material (ground surface
elevation, soil horizon, pool of water or section of stream, or plot of vegetation) of essentially the
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same composition and produced by essentially the same formation process. In statistics, thisis
referred to as a population, or universe. There will be anumber of such plots, or deposits, within
the typical wetland site for each of the attributes of interest. Variationsin wetland site attributes
within a plot, or deposit, occur because of (a) natural variations in the composition of the
material, (b) natural variationsin the material’s formation process, and (c) variations due to the
sampling and testing methods or to the observation procedure. Differences of individual attribute
test values from each other and from the mean (average) value for that attribute are due to a
combination of two causes: random variations and nonrandom, or systematic, variations.

Random variations. Random variations occur without apparent aim or reason, determined
only by chance. In reality, chance is aterm used to encompass all of the real causes of variation
that are unknown or unmeasurable. This source of variation resultsin test values that are
clustered about a central, mean (average) value and whose magnitude is defined by the variance,
or the standard deviation, of the data. In general, the variation in an attribute’ s values within a
relatively small, contiguous area or volume is random.

Nonrandom, or systematic, variations. Nonrandom, or systematic, variations are due to
some significant, assignable cause or causes. The averages of attribute values tend to vary
systematically with distance, horizontal or/and vertical, because of changing material
composition or formation process. The cause of a nonrandom deviation with distance may be
abrupt, such as a change from one soil type to another in avertical profile. Or it may be gradual,
such as the variation that often occurs in the elevation of the ground surface or the type of
vegetation.

Characterizing frequency distributions

The test or observation data collected about any single wetland attribute from a single
population varies randomly. The population from which the data were derived has a frequency
distribution of the occurrence of the attribute’ s values, and the distribution of values can be
summarized as a central value, the mean or average, and a measure of dispersion about the mean,
the variance.

Test or/and observation data can be either discrete or continuous. Discrete quantities vary
only by finite increments, by observable jumps, such as numbers of items. Continuous quantities
vary gradually, by infinitesimal amounts, such as length, time, temperature, force, etc. Usually,
for convenience or because of limitations of the measuring instruments, continuous data are
recorded as discrete values, such as length to the nearest centimeter (inch) or time to the nearest

day.

Data can be evaluated by either of two methods, graphical or numerical, for (a) calculating
the parameters of the distribution (i.e., average and variance) and (b) estimating the form of a
mathematical model for the population frequency distribution. In pre-computer times, it was
common to use data grouping to facilitate calculation of the population parameters. The
probable form of the population frequency distribution could be inferred visually. With the
advent of electronic calculators and computers, the population parameters are now determined
without grouping. A mathematical model of the population’s distribution of the frequency of
occurrence of the attribute’ s valuesis estimated, from the estimator’ s experience or from
preparing a frequency histogram (see below) from grouped data, and then verified by calculating
the “goodness of fit” of the grouped data to the model.
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Figure 2-2. Example of a histogram of a wetland site attribute.

Thetest or observation values used to form Figure 2-2 can be summarized in two parameters,
the arithmetic mean and the variance. The arithmetic mean, or average, is a measure of the
central tendency of the distribution and is the summation of al individual data values divided by
the number of datavalues. These sample parameters are used to estimate the parameters of the
underlying population. The variance is a measure of the dispersion of data values about the
mean and is calculated as the average of the square of the variations of individual data values
from the mean. The standard deviation is calculated as the square root of the variance. In
mechanics terms, the arithmetic mean is the centroid of the frequency distribution about the y-
axis, the variance is the moment of inertia of the distribution, and the standard deviation is the
radius of gyration.

There are alarge number of theoretical frequency distributions for modeling popul ations of
naturally occurring attributes. Some of the more commonly used are presented in Table 2-1. The
equations for these, and other, frequency distributions and their derivations are beyond the scope
of this handbook. They can be found in virtually all textbooks on probability and statistics and
the interested reader is referred to the texts.

Discrete distributions. The binomial distribution deals with the probability of success of an
experiment, consisting of a number of trials, in which only two discrete outcomes are
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Table 2-1
Theoretical Probability Distributions for Naturally Occurring Events
Name Description
DISCRETE DISTRIBUTIONS
Binomial Determines probability of exactly r successes in n independent trials, with probability of success,

p, constant. Sampling with replacement.

Hypergeometric

Determines probability of exactly r successes in n independent trials, with probability of success,
p, not constant. Sampling without replacement.

Geometric Determines the number of independent trials, n, with probability of success, p, that will occur
before the first success occurs, where only two outcomes are possible, success or failure.

Pascal Determines the number of independent trials, n, with probability of success, p, that will occur
before r successes occur. This is a generalization of the geometric distribution.

Poisson Determines probability, p, of an isolated event occurring a specified number of times, n, in a given
interval (time or space) when the rate of occurrence, np, is fixed.

CONTINUOUS DISTRIBUTIONS

Normal Symmetrical, bell shaped curve. Derived from binomial distribution for probability of success, p,

(Gaussian) constant and number of independent trials, n, approaching infinity. Normalized values extend
from minus infinity to plus infinity.

Gamma Used to represent distribution of quantities which cannot be negative or which have a definite
lower limit for values.

Exponential Special case of the gamma distribution, where factor a = 0..

Beta Used to represent distribution of quantities which have both a definite upper limit and a definite

lower limit for values.

Rectangular

Special case of the beta distribution, in which all x-values have an equal probability of occurrence.

Gumbel
Extreme-Value

Distribution of “extreme” values occurring during a cycle in time or space; may be the largest or
the smallest values.

Weibull
Extreme-Value

Time to failure when a system is composed of components and failure occurs due to “most
severe” flaw among large number of flaws in the system.

MODIFIED DISTRIBUTIONS

Shifted Shift of origin of curve to account for abnormal or impossible data.

Transformed Skewed curves. Data can sometimes be transformed into a symmetrical Gaussian curve by
substituting log x, square root of x, 1/x, etc. for x-values.

Folded Occurs when data are recorded without sign, so negative values “folded” over.

Truncated Data values above, or below, a limiting value are not included in the data.

Censored Occurs when values above, or below, a limit are not measured but placed into a group of “greater

than, or less than” the limiting value.
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possible - success or failure, right or wrong, left or right, etc., in which there is sampling with
replacement. It isapplicable, then, to tests or observations in which the attribute’ s outcome can
be one of two values -- either one or the other, pass or fail, above or below alimit, etc. The
hypergeometric distribution is similar to the binomial, but assumes that sampling is done without
replacement. Thisisof concern when the population is of limited size.

Geometric distribution deals with the probability of the number of trials of an experiment
before a success occurs and the Pascal distribution is an extension of the geometric distribution
to the probability of a number of trials before a given number of successes occurs. The Poisson
distribution indicates the probability of an isolated event occurring a specified number of times
inagiven interval of time or space when the average rate of occurrenceis known and fixed. In
the Poisson distribution, the number of time or space intervalsis very large and the probability of
occurrence during any interval isvery small. Thisdistribution has been applied to queuing
problems, traffic problems, equipment breakdowns, and other similar situations.

Continuousdistributions. Continuous distributions generally stem from discrete
distributions in which the number of eventsis very large and the classinterval approaches zero.
The most commonly used distribution model for natural datais the normal, or Gaussian,
distribution, an example of which is shown in Figure 2-2. It is derived from the binomial
distribution. This distribution seems to characterize a number of natural eventsin which the
outcome depends on alarge number of small, random events, none of which dominate the
outcome. For example, tests of the hydraulic conductivity of a soil stratum, based on field tests
made within alimited horizontal area, will approach a normal distribution if a sufficiently large
number of testsis made. The Gumbel distribution (Gumbel 1958) is a model for the distribution
of the occurrence of extreme valuesin a cycle, such asthe highest rainfall in ayear, or maximum
flood, or maximum drought. Other theoretical distributions, such asthe gamma and beta
distributions, are used to model data under specific conditions, such as the occurrence of upper
or/and lower limits to the data.

Modified distributions. Severa of the standard theoretical frequency distributions can be
modified by the manner in which the data are measured or/and recorded. Data from anormal
distribution, which is symmetrical, will often yield a skewed, or asymmetrical, distribution. This
occurs, for example, in the grain-size distribution of natural sand because the size of the sand
particlesisthe equivalent spherical diameter whereas the corresponding weight is based on the
volumes of the particles which are based on the cube of the diameter. Therefore, alog-normal
distribution fits those datawell. Many types of skewed distributions can be transformed to a
symmetrical normal distribution by substituting a function of the variable, such aslog x or square
root of X, for each variable. In another situation, data may be recorded without regard to sign or
direction, so that plus or minus, left or right, up or down, result in the same value. Such datawill
result in afolded distribution. A truncated distribution occurs when data above or below a
certain value are not included in the tabulation. This may occur, for example, in recording water
levelsin a pond when the water level drops below the bottom during adry period. Similarly, a
censored distribution occurs when test or observation values above, or below, alimit are not
measured but placed into a group of “greater than, or less than” the limiting value.

Fitting frequency distributions. The “goodness of fit” of experimental data to theoretical
frequency distributions of the type given in Table 2-1 can be done by two methods: graphical or
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mathematical. Graphical curvefitting is done using specially prepared graph paper in which one
axisis proportioned according to the frequency distribution. By plotting values of the attribute
versus cumulative percent larger or smaller, a perfect fit with the theoretical distribution will
yield astraight line. Graph paper for the normal (Gaussian) curve is commercially available,
with the remaining axis either arithmetic or logarithmic (for fitting alog-normal curve). Other
transformations for the normal curve can be evaluated using the transformed variable on the
arithmetic axis.

Mathematical curve fitting uses one of several techniques, which are described in textbooks
on statistics. The most popular of these is the chi-square test. In this test method, the data are
grouped by magnitude and the actual cumulative frequencies are compared to the theoretical
cumul ative frequencies for the given type of distribution. The chi-square distribution itself,
which defines the probability of a reasonable fit of the data, has been tabulated and appearsin
most statistics textbooks.

Estimation of population parameters

Before an informed decision can be made about the population of values of awetland
attribute, both the form of the frequency distribution and its parameters, the central value (mean,
average) and the dispersion of the values about the mean (variance), must be reasonably
estimated. It isnot practical to sample and test all of the possible itemsin a population of agiven
attribute. Therefore, asampleistaken and tested. The sample has an arithmetic mean and a
variance. Thaose parameters are the best available estimators of the equivalent population
parameters.

Central limit theorem. The central limit theorem of statisticsis very useful for estimating
population parameters. If alarge number of independent samples, al with the same number of
elements, n, are taken from a population having a finite variance, and the samples are replaced in
their original form and locations after each sampling event (i.e., sampling with replacement),
each of theindividual sampleswill have an average and avariance. The average of the group of
sample averages will tend toward the unknown population average and the average of the sample
variances will tend toward the unknown population variance.

If afrequency distribution is formed of the averages of these samples, the resulting
distribution will tend to be normal (Gaussian) regardless of the distribution of the original
population. The larger the sample size, n, the greater is the tendency to normality. Similarly, if a
frequency distribution is formed of the variances of the samples, the resulting distribution will
tend to be the chi-square distribution.

Confidence interval estimates. Given arandom sample composed of n sample units (size
=n), thereis no way of knowing how good an estimator of the population average it is because it
is not known how much the average of that specific sample deviates from the unknown
population average. However, recognizing that (a) the distribution of the sample averagesis
normal, and (b) that the variance of the distribution of sample averagesis equal to the population
variance divided by the sample size, n, then a confidence interval can be established for the
unknown population average.
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The confidence interval extends symmetrically about the sample average and itswidth is
determined by the variance of the distribution of sample averages times afactor (number of
standard deviations of the mean) for a chosen probability level, based on the normal distribution.
Then, the following statement can be made: “ The unknown popul ation average lies somewhere
within the confidence interval,” with the chosen probability that the statement is true.

Obviously, the larger the sample size, the narrower the confidence interval for a given probability
that the statement is true, and the better the estimate. And, the higher the chosen probability that
the statement will be true, the wider will be the confidence interval. A similar confidence
interval can be established for other population parameters, including variance, range, etc. The
interested reader is referred to standard textbooks on statistics.

Selection of geotechnical sample size for small samples

Asindicated above, the estimation of the shape of the population frequency distribution
requires samples containing at least 50 sample units, and preferably much more. In some
instances, the cost of obtaining and testing an individual sample unit is relatively large, the shape
of the population frequency distribution can be reasonably estimated, and the major parameter of
interest is the population average. In those cases, project economics may indicate that relatively
small samples, much less than 50 sample units per sample for any given attribute, be used. It
has been demonstrated experimentally that samples as small as size n = 4 will have anormal
distribution of the sample averages when taken from normal, uniform, or triangular parent
distributions. For highly skewed parent distributions, larger samples are needed.

The total number of sample units, n, needed from each soil deposit, water sampling location,
or vegetation plot to form a sample for estimating the population average of any wetland attribute
can be established by (a) classical statistics or (b) judgement, experience, or specification
requirement. Classical statisticstells us how large a sample is needed for “no prior” information,
i.e., if nothing is known of the variability beforehand. Judgement sampling does not permit a
rational estimate of needed sample size for a given confidence.

Sample size by classical statistics. The sample average is the best available estimator of the
unknown population average. In the absence of knowledge of the population standard deviation,
the sample standard deviation is usually used. The sample average invariably differs from the
unknown popul ation average by some unknown amount. However, it can be stated that the
difference (error) between the known sample average and the unknown population average does
not exceed a certain value, with a given probability, or confidence level, of being correct in
making that statement, i.e., it lieswithin aconfidence interval. Then, the required sample sizeis:

n=t? = (2-1)

where n = size of sample (number of sample units) required; s= sample standard deviation; t
= afactor obtained from Statistical Tables of t; and E = maximum acceptable error between the
sample average and the unknown population average. Because the factor t isafunction of a
given prabability level and of sample size, n, it is necessary to solve Equation (2-1) by successive
approximations.
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Asthe sample size, n, approaches and exceeds n = 30, the value of t becomes constant and is
no longer afunction of sample size. Asaresult, the use of sample sizes|arger than about 30 to
establish a confidence interval for the average of any wetland attribute is totally cost-inefficient.
Furthermore, the relationship between the factor t (used for sample sizes n < 30) and sample
size, n, isfairly steep for small sample sizes but flattens rapidly for sample sizes greater than
about n = 10, with each additional sample unit providing less and less additional confidence.
Therefore, the information to be gained from the sampling and testing of samples with sizes
greater than about 10 sample units should be carefully analyzed; the larger samples may not be
worth the extracost. It may be more desirable, for the same cogt, to obtain additional small-size
samples to determine trends, in the horizontal or vertical directions, of individual areas or
volumes of material attributes.

Sample size by judgement or requirement. Sample sizes are sometimes specified in test
protocols, or published standards, or may be chosen on the basis of the sampler’sjudgement. If a
random sample of size n is obtained to estimate the average of awetland attribute, the confidence
interval, with a confidence level probability of including the population average, is established
whether the sampler intends it or not.

Equation (2-1) shows that the choice of any two of the three factors (sample size, confidence
level, and confidence interval) determines the remaining one. The population varianceis
independent of the sample size. Therefore, for any given confidence, or probability, level about
the average of the sample as an estimate of the population average, the maximum error, E, has
been established. Thisrelationship is dependent on a random selection of sample units. If the
sample units are selected with bias or prejudice, asis often the case, then the confidence interval
is greater, or the confidence level lower, or the necessary sample sizeis larger than expected.

Sampling Plans for Wetland Site Attributes

Obviously, the entire plot or deposit (population) cannot be sampled and tested without
destroying the entire plot or deposit. Therefore, samples are taken and tested and the sample data
are used to estimate the population average and variability. A sample unit, or specimen, isa
small portion of the material obtained from a plot or deposit for the purpose of testing or visual
inspection. That part of each sample unit actually tested is called atest portion. Thetest results
form the basis for judging, or estimating, the population characteristics of the entire plot or
deposit. The test results from a number of sample units from asingle plot or deposit may be
combined mathematically into a sample. The horizontal and vertical locations for sample units
selected to represent the plot or deposit can be established by (a) judgement, experience, or
policy, or (b) statistical random selection.

Judgement sampling
Judgement sampling has been the traditional method of sampling for attributes, based on a
deterministic (non-statistical) attitude toward variability and the concept of the so-called repre-

sentative sample. This usually involves the careful selection of several sample units, or even of
asingle sample unit, to “represent” the population. In some instances, the elements of the
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several sample units are blended into a single sample portion to be “representative” of the whole,
i.e., asample of the “average” of the plot or deposit.

The judgmental selection of the sampling location(s) is usually left up to the sampler, or his
or her superiors, making the entire process dependent on the validity of the sampler’sjudgement,
with itsinherent tendency toward bias. It is common for a sampler to select the “worst case”
rather than arandom sample. This introduces considerable bias in the sample results. Thistype
of sampling isvalid only in those situations where it is known, or can be assumed, that the
remainder of the population has a higher quality level than the “worst case” and if the biased,
judgmental sample meets some minimum requirement, the rest of the population is also
acceptable.

Unfortunately, the single sample unit or the blending process does not yield a sample
variance by which an estimate can be made of the plot’s or deposit's variance. Without that
value, no evaluation can be made of the nearness of the “representative” test result to the actual
population value. Thisisnot meant to imply that judgement samples cannot and do not deliver
useful results, but rather that the reasons why they do when they do are not well understood
(Deming 1950).

Random sampling plans

Whether intended or not, every sample used to estimate plot or deposit population
parameters (average and variance) is a statistical sample. All units of a random sample must
meet several criteria: (a) the sample must be selected without bias or prejudice; (b) al conditions
must be the same for al itemsin the sample; (c) there must be no underlying differences
between areas or volumes from which the sample elements are selected; and (d) the components
of the sample must be completely independent of each other.

Statistical random sampling is essentia for securing a sample whose parameters will be used
to estimate the average and variance of the population from which it was taken. Hald (1952) has
described severa designs of sampling plans: uniform random sampling, systematic sampling
with arandom start, and two-stage sampling. Each of these plans deals with sampling from a
single “homogeneous’ population.

Uniform random sample. The uniform random sample makes every potential sampling unit
in the plot or deposit equally likely to be selected. Uniform random sampling does not provide
efficient coverage for obtaining information on systematic trends in soil properties over the
length, area, or volume sampled. Some zones of the deposit will have a different variance than
other zones because of the random, non-uniform sample density, or numbers of sample units.

Random sampling locations within atwo- or three-dimensional population may be
determined by any one of several methods for generating random numbers. After a sample size
has been chosen, an equal number of random numbersis then used to establish each horizontal
coordinate (and vertical depth) from which to take each sample unit. Tables of random numbers
appear in many statistics textbooks. Unbiased games of chance may be used, such as cards, dice,
roulette wheels, etc. Computers can be used by, for example, selecting a four-digit number at
random using another method. Then, the four-digit number is squared, and the four central digits
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recorded. These digits are again squared and the four central digits again recorded and used to
generate the next random number.

Stratified random sampling. When the plot or deposit to be sampled contains well-
defined subsections, each with its own distinct mean and variance, but a single estimate of mean
and variance for the wholeis desired, then stratified sampling may be used. Stratified random
sampling involves taking random samples from each stratum with sample sizes (number of
sample units) proportional to the length, area, or volume of the several subsections. If the
systematic variation in attributes for aplot or deposit over asiteis fairly uniform, but random
variation is not, subdividing the deposit into subsections, or strata, for sampling permits sampling
economy by maintaining a consistent sampling variance.

Systematic sampling with arandom start. An often used sampling method is systematic
sampling with a random start.  This method involves the selection of successive sample units at
uniform intervals of length, area, or volume. Thisisthe methodology used in the checkerboard
method of topographic surveying and in several other commonly used sampling plans.

Hald (1952) argued that if the first sample unit from that population is randomly selected,
then all successive sample units are randomly located also. Baecher (1983) has observed: “The
advantages of such plans are that they are easy to design and administer, littletimeislostin
locating test positions, and at first glance they seem to provide better coverage of the site than do
other plans. From a statistical standpoint of view this last advantageis at times fallacious,
however systematic sampling in many cases leads to higher probabilities of detecting
inhomogeneitiesin a. . . (soil) mass than do other plans.”

Two-stage sampling. The basic premise of two-stage sampling is that the primary plot or
deposit can be rationally divided into discrete zones. A random selection is made of the zones to
be sampled and a secondary random selection of sample units is made from each primary zone
selected. Thisis useful when, for example, sample borings are considered as the primary zones,
each boring being located in the soil deposit in a uniform random manner or in a systematic
manner with random start (see discussion above). Then, within each soil stratum in the boring,
the secondary sample units are located vertically at random. Another example is the sampling of
vegetation in which anumber of small areas, say one square meter (square yard) each, are
selected randomly from a homogeneous plot (population). Within each primary sampling
location, a sample unit is selected at a random location within the square meter (square yard) of
vegetation.

Deming (1950) and Hald (1952) discussed this procedure with respect to secondary sample
size (number of sample units) considering the cost of obtaining a primary sample unit (making a
boring or pit, or reaching a vegetation plot) and the cost of sampling and testing each secondary
unit. The greatest efficiency found, assuming that the costs of maobilizing sampling equipment at
the site, the act of physical sampling, and the testing are the same, occursin sampling only one
secondary unit from each primary unit. A similar analysis, comparing the indirect costs of
moving to and making a boring or pit and the cost of obtaining and testing soil sample units may
be very instructive.
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2-2 Defining Existing Topography*

Most wetland restoration or creation projects will involve some site modification. Because
these modifications usually involve some earthwork or topographic adjustment, the existing
topography of the site must be defined. Comparing the existing topography with the final site
plan allows earthwork calculations to be made and provides valuable information on variationsin
the character and distribution of soils, hydrology, and vegetation.

Topographic maps are the fundamental tool used to convey information about the
configuration of the surface of the site. A topographic map is atwo-dimensional representation
of aportion of the three-dimensional surface of the earth. A map typically shows the locations of
physical features such as hills, valleys, bodies of water, roads, structures, and property lines.
Horizontal distances are drawn to scale. Vertical distances are shown as contour lines, lines
connecting points of equal elevation above some stated datum. Similarly, bathymetric maps
show contours of the depth of the bottom below the surface of abody of water such asariver,
pond, or lake. Aerial photographs can provide current information about the site topography to
supplement older topographic map data.

Map Sources

There are several sources of existing topographic maps (containing contours) covering sec-
tions of virtually all of the United States, nearly all of them being government agencies. These
maps are generally of asmall scale with fairly large contour intervals. They are most useful for
an overal picture of awetland site, especially as the wetland relates to its surrounding areas.

a. Quadrangle maps. Thefederal government, through the U. S. Geological Survey
(USGS) and the U. S. Army Corps of Engineers (USACE), has devel oped topographic
maps of virtually all of the United States. These maps use one of two scales: 15 minute
maps at ascale of 1:62500 (1 cm = 625 meters, 1 in. = 5208 ft.) and 7.5 minute maps at
ascale of 1:24000 (1 cm =240 meters, 1in. = 2000 ft.). The topography for the most
recent maps (past 50 years or so) was developed using photogrammetric methods (dis-
cussed below) from aerial photographs. Contour intervals are typically 3 to 15 meters
(10 to 50 ft.).

b. Soil Survey maps. The Natural Resources Conservation Service (formerly the Soil
Conservation Service) provides maps in its county-by-county soil survey publications.
Although they are not true topographic maps, with contours, SCS Soil Survey maps do
indicate surface soil types and slope ranges. The more recent (past 30 years or so) maps

1 By S. Joseph Spigolon
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are segments of aerial photographs with physical features and soil type boundaries
superimposed. They are generally made at a scale of 1:20000 (1 cm = 200 meters,
1in. = 1667 ft.).

c. Sate geological survey maps. All states have a State Geological Survey which publishes
maps, reports, and other documents about the geology and mineral resources of that state.
The maps often contain contours and the scales used are similar to those of the USGS.

d. Other map sources. State Departments of Transportation often develop maps for usein
planning and designing new routes or modifying portions of existing ones. Usually,
these are developed using photogrammetric methods from aerial photographs. Counties
and cities also maintain maps of their infrastructure. If topography is not available
directly, it can sometimes be determined from spot elevations of such features as roads
and streets and sewers. County and city permitting agencies are usually the depositories
for topographic maps prepared for various types of public or private land developments.

Choosing Map Scales

Map scales are usually chosen to conform to (a) the needed or desired accuracy, both
horizontal and vertical, (b) the needed or desired contour interval, and (c) the cost of obtaining a
map of the needed or desired accuracy relative to the overall project cost. Typically available
maps, such asthe U. S. Geological Survey 7.5 minute topographic quadrangle map, with ascale
of 1:24000, are quite suitable for most field work. However, most of these maps are several
years old (many are based on surveys made prior to 1975) and may not reflect current
modifications. They are also not sufficiently detailed for earthwork calculations or for
determining the extent of vegetative cover.

Contour Lines

Each contour line represents the edge of the land surface asif al of the land above that
elevation had been removed (sliced off horizontally) and then viewed vertically downward from
agreat distance above. Therefore, al contour lines must close on themselves either within or
outside the borders of the map. A closed contour line on a map always indicates a summit or a
depression. Contour lines cannot cross each other or merge except at avertical or overhanging
land surface. The distance between contour linesisinversely proportional to the slope.
Conseguently, large contour spacings indicate relatively flat topography and closely spaced
contours represent steep slopes.  Along plane surfaces the contour lines are parallel to each other
and straight.

Contour lines run perpendicular to the direction of steepest slope and, therefore,

perpendicular to the direction of surface water flow. Contour lines are perpendicular to both
ridge and valley lines where they cross such lines.
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Choice of Contour Interval
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Table 2-2 represents conventional good practice for selecting contour intervals under usual
conditions. The cost of map making increases almost exponentially, for a given scale, asthe
contour interval is decreased simply because the necessary number of €l evation measurement

pointsisincreased.

Table 2-2
Relation Between Map Scale, Ground Slope, and Contour Interval
(Adapted from Urquhart 1950)
Map Scale Scale Range Ground Contour Interval
Slope
Large 1:1200 or less Flat 0.2m(1ft)
1 cm =12 meters or less Rolling 0.2or0.5m (1 or2ft)
(2 in. =100 ft. or less) Hilly 0.5,1,0or2m (2 or5ft)
Intermediate | 1:1200 to 1:12000 Flat 0.2,0.5,0or1m (1, 2, or5ft)
1 cm =12 to 120 meters Rolling 0.50r1m(2or5ft)
(1 in. = 100 to 1000 ft.) Hilly 1mor3m(5orl0ft)
Small 1:12000 or more Flat 0.5,1,0or3m (2,5, or10 ft.)
1 cm =120 meters or more Rolling 3 or5m (10 or 20 ft.)
(2 in. = 1000 ft. or more) Hilly 5 or 15 m (20 or 50 ft.)
Mountainous | 15, 25, or 50 m (50, 100, or
200 ft.)

Preparing Site Maps

Page 2-16

When existing maps are not suitable, either because they are of too small ascale or lack
sufficient detail, then topographic mapping of the project site must be done. Map making
consists of the accurate location of the horizontal position of a number of points on the ground
surface, the measurement of their elevation, and the interpolation of evenly spaced contours
between the points. The number of points needed depends on (&) the contour interval needed or
desired and (b) the typical ground slope in the mapping area. For flat terrain and a
correspondingly large contour interval, only afew points are needed. For hilly terrain and a
small contour interval, many points are needed.

Direct Mapping Methods

Field measurement of elevations at specific horizontal positions is the most common method
of developing contour, or topographic, maps. Survey mapping involves personnel traversing the
ground surface, measuring distances and angles between points, and measuring differencesin
vertical elevation between points. Horizontal and vertical measurements may be made using (a)
traditional surveying instruments, such as theodolites and tapes or distance measuring devices,
or/and (b) portable Global Positioning System (GPS) equipment. The GPS uses an electronic
measurement of the relative positions of at least four of the specific earth-orbiting satellites to
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determine a horizontal position on the ground surface. Vertical measurements, relative to agiven
starting point, are also possible.

In instances where a vertical precision of one meter (3 ft) or more is acceptable, a hand-held
level and arange pole (arod marked in 2.5- or 3-decimeter, or 1-foot, increments) can be a useful
field expedient. Whilethisis occasionally true, most projects will require the greater precision
available through established surveying methods.

Some direct measurements can be made by amateur surveyors familiar with surveying
equipment and methods. However, most states require that site development activities include a
survey certified as accurate by alicensed surveyor. Inthelatter case, the services of a state-
licensed land surveyor are needed.

There are several surveying plans commonly used to establish the locations of the large array
of horizontal points at which elevations are determined. The three most commonly used plans
are the grid (checkerboard) method, contour tracing, and control points.

Checkerboard method. The grid, or checkerboard, method consists of establishing a series
of parallel lines on the ground in two mutually perpendicular directions. Then, with the locations
of all grid points (nodes) known, the elevation of each grid point is determined using optical or
laser leveling with alevel rod moved from point to point. The line spacing is determined by the
steepness of the terrain and by the desired or needed contour interval.

Contour tracing. Contour tracing is feasible when a convenient and rapid method of
distance measurement and of communication are available. A specific elevation point is
established. The level rod holder isthen positioned at a number of points where the level
operator measures the same elevation. The horizontal location of the rod at each point, relative
to the instrument, is determined by distance measuring equipment or by stadia measurementsin
conjunction with atransit or theodolite for measuring angles from a known point. In this
manner, each contour line is physically traced on the ground.

Control points. Control point mapping isacombination of checkerboarding and contour
tracing and is best used when the topography consists of a number of well-defined topographic
features. Using angles and radii (distances) from a known point, points on such features as ridge
lines, gully lines, valley lines, edges of watercourses, and roadway center lines and intersections,
can be located and the elevation of each determined. These spot elevations can then be used as
anirregular grid and contours can be interpolated from the measurements. Or, controlling points
can be used as an adjunct to checkerboard mapping or contour tracing to provide greater
accuracy at important locations.

Indirect Mapping Methods

Contour maps can aso be produced economically from indirect measurements using
photogrammetric methods. Aeria photos are taken as a stereo pair. Then, using visible, well-
defined points established with ground control surveys, and using a stereo plotter (Kelsh Plotter),
contours are drawn where chosen elevations come into focus. The scale and the minimum
contour interval abtainable by this procedure depend on the height of the flight above the ground.
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The USDA Natural Resources Conservation Service (Soil Conservation Service) Soil Survey
maps (discussed above) are scaled in this manner to 1:20000. For contour intervals of 30 cm
(1 ft), the flight must be 305 m (1000 ft) above the ground. A 1.5-meter (5-ft) contour interval
requires aflying height of 1525 meters (5000 ft.). Aerial photo stereo pairs are normally
obtained during winter months to avoid interference and confusion from existing foliage. While
this method is less precise than direct measurement, it is considerably faster and less expensive.
In some cases it may be sufficiently precise to fully support site design activities. Where greater
precision is needed, additional ground control surveys are made to verify the accuracy of the
photogrammetric methods.

Geographic Information Systems

Geographic Information Systems (GIS) can provide a convenient and rapid method to assess
the topography and conditions at alarge number of sites. GIS has been used to identify wetland
boundaries, classify wetlands, and even assess water quality in wetland systems. While GIS have
many advantages, they are limited by the availability of electronic mapping data, the expense
associated with obtaining the data, and the considerable time required to establish aworking GIS
even for asmall project. However, aswith many other technological advances, GIS are
becoming more practical alternatives as their costs continue to decrease and the availability of
GIS and their data continue to increase. Undoubtedly, GIS will become an essential tool of cost-
effective site investigationsin the near future.
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2-3 Characterizing Existing Soils*

Surface and subsurface soils are critical wetland components. They provide a complex
variety of services for wetland ecosystems such as (a) serving as a biological medium for plant
growth, (b) acting as abiological interface to support macro- and micro-invertebrates and
microbial populations, and (c) providing structural support for water retention structures. The
soil profile characterization process measures the extent to which certain soil properties,
important to the desired wetland functions, exist before the wetland restoration or creation design
process starts.  Thereby, the soils investigation provides a baseline for the designersto usein
planning modifications to the site.

The objective of any subsurface soilsinvestigation is to obtain the most complete and
accurate estimate of the location and character of the near-surface soils that affect a project's
design and construction that is possible within the monetary and time limits of the project. This
chapter presents and discusses:

a. Stagesof soil investigations. The three stages, or tiers, of the investigation of project
soilsare: (a) theinitia screening of the estimated soil profile at candidate sites, (b) the
baseline (plant-growth oriented) soil survey of selected sites, and (c) the detailed
geotechnical investigation of structure locations.

b. Thesoil profile. A review of the characteristics of the mature soil profile and several soil
profile terms that have definitions that differ between their biologic, pedologic, and
engineering uses.

c. Plant-growth attributes of wetland soils. The attributes of the soil profile that
significantly affect plant growth at a wetland restoration or creation site.

d. Basdine soil surveys. A strategy for the subsurface investigation to evaluate the existing
wetland soil attributes.

e. Soil classification systems. Systems for describing, identifying, and classifying soils that
are in common use by the various wetland-rel ated disciplines and found in the
professional literature.

f.  Soil exploration and sampling. Methods and equipment that are suitable for subsurface
exploration and for securing soil samples for wetland soils investigations.

1 By S. Joseph Spigolon and Donald F. Hayes
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g. Testsfor wetland soil attributes. Soil tests and observations appropriate for identifying
plant-growth attributes and for soil classification.

h. Detailed subsurface investigations for structures. For subsurface investigations at
specific structure locations, the significant soil properties and the exploration, sampling,
and testing methods that differ somewhat from those used in the baseline, plant-growth
oriented soils investigation.

Stages of Soil Investigations

Investigations of the stratigraphy and wetland attributes of the soils at a wetland restoration
or creation site will occur, as described in Chapter 2-1, in two or three stages, or tiers, although
each stage may be repeated one or more times as the need for information about project soils
develops. A site assessment flowchart for the substrate and geotechnical soil investigation part
of awetland project is shown in Figure 2-3.

Reconnaissance survey of candidate sites. In the first stage of any project, an initial site
assessment is made to screen the near-surface soils at candidate sites for compatibility with the
wetland project objectives. Topographic maps of the area are studied for factors significant to
the soil survey. A study is made of all available prior (preexisting) information, including the
geologic literature, the local county Soil (Natural Resource) Conservation Service soil survey,
records of previous geological and geotechnical studiesin the project area, and personal
experiences of government agency and civilian personnel with soilsin the project area. Thisis
sometimes referred to as a literature search or a desk study. Then, afield reconnaissance, or
personal site inspection, is made of the surface features of the site, including road cuts and the
drainage patterns. The net result is an estimate of the character of the near-surface soil profile at
each site. Thisinformation, combined with hydrologic and vegetation surveys, is used to screen
the suitability of the candidate sites.

Baseline soil investigation. One or more candidate sites are selected for inclusion in the
wetland restoration or creation project. Each selected site must have an intense, pre-design soils
assessment, consisting of a baseline subsurface exploration. The purpose of the baseline soils
investigation is to determine those soil properties of the near-surface soil profile that affect the
plant-growth and hydrologic character of the site to such an extent that (a) an efficient design of
the project can be made, and (b) the future effectiveness of the project can be measured.. The
procedure for making a baseline soils investigation is discussed below.

Detailed subsurface investigation. During the baseline soil investigation, an intensive
study will be made of the presence and character of soils suitable for the proposed substrate and
its supporting subgrade. A detailed investigation is made of the existing soils to determine
whether they can be devel oped into the needed substrate. If not, then a search is made for an
aternate on-site source of suitable soils that can be moved on site. Failing this, then asearchis
made for an off-site source of substrate material.

If the project plan includes, or very likely will include, mgjor structures (often involving

excavation and/or fill placement), then a more specific detailed geotechnical exploration of the
influenced areas will be made, with a more intense investigation of those geotechnical soil
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Figure 2-3. Site assessment flowchart for evaluating soils for substrate and earthwork suitability.

properties that will be of direct value for designing the structures. The soil properties and
methods of geotechnical investigation are discussed below.

The Soil Profile

The non-engineering and the engineering definitions of some soil-related terms are not
aways the same. The mgjor difference liesin the primary concern of the discipline, whether soil
is (@) aplant growth medium or (b) an earthwork or a structure-supporting medium. Soil-related
documents, both the published literature and unpublished reports, about the project site are
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normally written using the terminology of the writer's professional specialty. Research of such
literature by, or discussions between, project personnel from the various soil-related disciplines
can lead to serious misunderstandings and, in the extreme, to legal complicationsif the
differences in definitions are not recogni zed.

The following discussion contains terms relating to the soil profile that are used in the
technical literature of the engineering and the soil science professions. The primary source used
for civil engineering definitions was American Society for Testing and Materials Standard D
653, “ Standard Terminology Relating to Soil, Rock, and Contained Fluids’ (ASTM 1994) and
the primary sources of soil science definitions were the U.S. Department of Agriculture Soil
Conservation Service (SCS) Soil Taxonomy (Soil Survey Staff 1975) and the Soil Science
Society of America Glossary of Soil Science Terms (Soil Science Society of America 1987).
Starting in 1994, the SCS's name has been changed to Natural Resources Conservation Service.
Throughout this discussion, the former name is used for all references prepared under the SCS
designation.

Soil Horizons

Soil scientists have

=

recognized that plant- 2
supporting soils formed @ < 5
under a given set of climatic - THE SOIL PROFILE
conditions for along time g2 8
developed fairly uniform ega 2
characteristics over wide A1 A Topsoil layer. Made of decomposed vegetable and animal matter.

- with mineral soil. Active root growth zone.. Usually several
areas. Mature, well- _| cm. (nches) thiek.
devel Oped soilsin moist % Zone of Depletion. Colloidal matter (clay, etc.) and soluble
climates genera| |y exhibit a A2 E v | salts leached by rainwater, leaving concentration of sand and

.. . X . o| silt. Fewcm. upto 0.6 m. (few inches up to 2 ft. )thick

distinct soil profile, avertical gl - T .

X . oo Zone of clay accumulation. Lower amount of organic matter than
section of the soil, consisti ng B B overlying layer and higher clay content. Few cm. to over 30 cm.
of six horizons, O, A, E, B —V_{few inches o over one foot) thick. __ __ _

C, and R, as defined by the Parent material. The decomposed rock mineral matter from
SOIl SCI ence SOCI ety Of which the overlying active plant growth layers (A, E, and B
. C C horizons) were derived by weathering and biological action..
America (1987). A
simplified sketch of a mature
soil profileis shown in
Figure 2-4. Not all soil
profiles have the mature
profile described below and || v | »”
. . ] . ,d\/:, J\/
inF gure 2-4. SOII I May be any thickness from about one meter to many meters
Taxonomy (SOIl Survey Staff (few feet to many tens of feet).
1975) recognizes ten major c c
soil orders, each having a NOT TO SCALE
unique solum devel opment
based on differing amounts I
and conditions of weathering. R | Bedrock layer

Figure 2-4. Soil horizons in a mature soil profile.
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The soil horizons are approximately parallel to the land surface and indicate dominant kinds
of departure from the parent (regolith) material. They differ in color, texture, and structure, may
vary in thickness, and may even be absent in some soils. The six distinct horizons consist of the
following:

O horizon. The O horizon consists of organic litter derived from plants and animals and
deposited on the surface. This horizon is sometimes designated the A0 horizon, or the uppermost
subdivision of the A horizon.

A horizon. The A horizon isthe topsoil, the uppermost part of the mineral soil, which isthe
most favorable material for plant growth and which is formed at the surface or below an O
horizon. It was formerly called the A1 horizon, a now obsolete term (Soil Science Society of
America1987). Itisordinarily rich in organic matter called humus, the dark colored material
formed by the partial decomposition of vegetable or animal matter combined with mineral soil.

E horizon. The E horizon is formed below the A horizon. It was formerly called the A2
horizon, a now obsolete term (Soil Science Society of America 1987). Itis, in moist climates,
the zone of depletion in which much of very fine colloidal material (silicate clay, iron, and/or
aluminum) and soluble mineral salts have been elutriated (washed downward) by percolating
water, leaving a concentration of sand and silt size particles of quartz or other resistant materials.
The thickness of the combined A and E horizons ranges from afew centimeters (few inches) to,
in extreme cases, 0.6 meter (2 ft.).

B horizon. The B horizon isthe zone of accumulation. In many soils, the colloidal matter
washed fromthe O, A, or E horizon is deposited in the B horizon. Therefore, the B horizon
tends to be clay rich. The thickness of the B horizon ranges from afew centimeters (few inches)
to ameter (3 ft.), although in extreme cases, it may be two or more meters thick (several feet).

C horizons. The C horizons or layers are the little-altered parent material, consisting of
weathered rock fragments (engineering soil), which has been little affected by pedogenic
processes and from which the overlying A, E, and B horizons were developed. There may be
several C horizons of parent material, each with its own solum (A, E, and B horizons), overlying
each other, as the result of newer deposition of sediments over an older soil profile. The
thickness ranges from a few meters (few feet) to many meters (many feet).

R layer. The R layer (formerly called the D horizon) is the underlying consolidated (hard)
bedrock. It may or may not be the parent rock from which the overlying C horizon was derived.

Transitional horizons. Two forms of transitional horizons are defined by the Soil Science
Society of America (1987) by the use of dual letters: (a) the kind where the properties of an
overlying or underlying horizon are superimposed on the properties of the other (i.e., AB, BC,
etc.), and (b) the kind in which distinct parts of one horizon enclose parts of a second horizon
(i.e., E/B, B/E, or B/C).
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Sail horizon ter minology

The difference in emphasis between the plant-growth-oriented soil scientists and biologists
and the earthwork- and structures-oriented geotechnical (civil) engineers has resulted in
professional -specialty-specific terms related to the soil profile. Some of the major soil horizon
terms that differ significantly between the several professional groups are presented below.
Other unique or dissimilar definitions, for soil physical and chemical properties, are givenin
those parts or appendices where the specific properties are discussed.

Hydric soil. A hydric soil isasoil that formed under conditions of saturation, flooding, or
ponding long enough during the growing season to develop anaerobic conditionsin the upper
part (Federal Register, July 13, 1994).

Pans. Asused in soil science, pans are horizons or layers in the near-surface soil profile
that are dense, strongly compacted, indurated, or very high in clay content A claypanisasiowly
permeable soil horizon that contains much more clay than the horizons aboveit. A claypanis
commonly hard when dry and plastic or stiff when wet. Hardpan is any buried, hard, impervious
layer inthe A, B, or C horizon that does not become plastic when mixed with water and
definitely limits the downward movement of water and roots. In many cases, pans are soils
cemented by calcium carbonate or iron oxide. Fragipan (brittle pan) is a pan that occurs mainly
in silty-clay soils leached of carbonates. A fragipan will usualy start at 0.5t0 0.6 m (1.5 to 2 ft)
depth and fade away at adepth of 1.2 to 1.5 m (4 or 5 ft) and is usually hard because of a high
bulk density. Fragipans are very slowly permeable and may contribute to a locally high, or
perched, water table (Spangler and Handy 1982).

Saprolite. A soil science term used to describe residual soils, those that have weathered in
place and have not been transported by water, wind, ice, or mass movement. Saproliteis
defined (Soil Survey Staff 1993) as: “ Soft, friable, isovolumetrically weathered bedrock that
retains the fabric and structure of the parent rock . . . .” Other definitions state that a saproliteis
a soft, earthy, typically clay-rich, thoroughly decomposed rock, formed in place by chemical
weathering of most types of parent rock (Bates and Jackson 1987).

Solum. The upper part of the soil profile, above the C horizon, in which the processes of
soil formation are active. In the Soil Science Society of America (1987) definition: “ The upper
and most weathered part of the soil profile; the A, E, and B horizons.” Generally the
characteristics of the materials in these horizons are unlike those of the underlying, parent
material. The living roots of plants and animal activities are largely confined to the solum.

Subgrade (soil science and wetlands biology) That part of the near-surface soil profile that
supports the substrate and its functions.

Subgrade (engineering). “Below the grade” or beneath the finished ground level of a
project. Itisthe prepared earth surface on which a pavement is placed or on which the
foundation of a structureis built.

Subsoil (soil science). Generally, the B horizon. The subsoil is also that part of the solum
below plow depth.
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Subsoil (engineering). The subsoil is: “(a) soil below the subgrade of fill, or (b) that part of
asoil profile occurring below the “A” horizon.” (ASTM D 653, 1994).

Substrate. Asused in wetlands biology, the substrate is aterm that refersto that part of the
surface of the wetland soil profile that actively supports the growth of hydrophytic plant species.
It isafunctionally defined component rather than a specific soil material or a definite horizon
within a naturally developed soil profile. It serves afunction in the same sense as, for example, a
pavement structure, consisting of a base course and wearing surface, resting on anatural or
modified subgrade. The substrate may be naturally existing or may be designed, prepared, and
placed for a specific wetland objective. It is supported by a subgrade that generally consists of
the existing, natural soil “asis’ although, in some instances, the subgrade may be modified by
cutting and/or filling to provide the necessary supporting characteristics for the substrate. It
generally corresponds to the solum in soil science terminology and to the topsoil in civil
engineering terminology.

Substratum (soil science). “Any layer lying beneath the soil solum, either conforming or
unconforming” (Soil Science Society of America 1987). Webster's New Collegiate Dictionary
(Woolf 1980) defines the substratumas: “ (@) used as a foundation: an underlying structure,
layer, or part; (b) used as a subsoil or substrate: alayer of rock or earth below the surface soil.”

Subsurface layer (soil science). Asused by the SCS, the subsurface layer is, technically,
the E (formerly the A2) horizon. Thisterm generally refersto aleached horizon lighter in color
and lower in content of organic matter than the overlying surface (A horizon) layer (USDA-SCS
1989).

Topsoil (soil science). “(1)The layer of soil moved in cultivation. (2) The A horizon.
(3) Presumably fertile soil material used to topdress roadbanks, gardens, and lawns.” (Sail
Science Society of America1987).

Topsoil (engineering). Topsoil isthe “surface soil, usually containing organic matter.”
(ASTM D 653, 1994). Generally, the A horizon.

Plant-Growth Attributes of Wetland Soils

Many of the physical, chemical, and biological properties of the near-surface soil profile
must be known as a baseline and as input to design analyses. The hydrologic engineers must deal
with subsurface drainage and with the erosion potential of the upper soil profile. Geotechnical
properties (Section 6 of this handbook) of the C horizon affect the design of water control
structures. For vegetation, the character of both the substrate and the upper part of the subgrade
must be evaluated. Therefore, asaminimum, al or most of the following attributes should be
determined in the initial subsurface investigation:

a. Soil profile. The thickness and character of the soil horizons.

b. Texture. Particle size analysis, including clay content; estimate of the shrink-swell
potential of clayey soils.
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c. Sructure. Configuration of peds, including seven types, five sizes, and four grades (for
details, see Appendix A, Soil Classification Systems).

d. Consistence. Plasticity and strength.

e. Pans. Thevertical location and thickness of low permeability, high density, and/or high
clay content layers.

f.  Water tablelocation. If it isbelow the ground surface.

g. Moisture content. For each of the horizons. Must distinguish between the total weight
or the dry weight basis. In the solum, the available water capacity.

h. Density. The bulk, or mass, density of the undisturbed soil, particularly in the solum (A,
E, and B horizons).

i. Fertility. The capacity of the soil to supply nutrients to growing plants from both the
exchangeable and the moderately available forms.

j- Nutrient content. Concentrations of the various nutrient elements present and their
exchangeability.

k. pH. Therdative acidity or alkalinity of the soil.
I.  Salinity. The presence and concentration of soluble salts, exchangeable sodium, or both.

m. Organic content. Relative weight of organic matter to the total weight of the soil.

Baseline Soil Investigation

The depth of subsurface exploration for theinitial site assessment is not expected to exceed
1.5to2m. (5to 7 ft.) below ground surface. Accessto exploration sites may be hampered by the
lack of suitable roads and may involve water-covered locations or even dredging sites. Therefore,
itisdesirable that simple, lightweight, and uncomplicated equipment be used.

This discussion is limited to soils (unconsolidated materials) and soft rock (lightly cemented
soils). Where hard rock (indurated material) is encountered at awetland site, either at the
surface or below the solum, it is generally not necessary that it be identified by type, only by its
presence, location, and possible influence on the project.

There are no standard requirements or methods for a baseline soil investigation. Each
subsurface investigation must be adapted to the geomorphic environment, locally available
equipment and personnel, personal experiences with local soils, and to time and budget
constraints. The general sequence of eventsin a subsurface investigation is fairly well known
and used by both soil scientists and geotechnical engineers. Therefore, it isimportant that
experienced and professionally qualified individuals are employed to direct the investigation,
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interpret the resulting data, and present conclusions in a concise, consistent, usable form to the
project planners.

Procedure

The strategy (plan) for atypical initial subsurface investigation for awetland project contains
the following steps. These steps are valid whether applied to the initial, or baseline, site
investigation or the second, more detailed investigation of specific construction-related locations.

1. Based on the information developed during the literature search and the field
reconnaissance stage, an initial estimate of the overall subsurface profile of the project
site is devel oped, including the types, configuration, and physical and pedologic
behavior characteristics of the soils present in the soil profile. If the available
information is sufficient for the project, the soilsinvestigation is terminated at this point.

2. If the knowledge of the soil profileis not sufficient, then an intensive physical
subsurface exploration plan is formulated. The number and location of sampling and
testing sites are established tentatively, perhaps on a statistical sampling basis, with the
option of changing the plan as information develops.

3. At each exploration site, specific depths and specific methods are selected for sampling
and field testing the soils. Sampling depth may be reached by drilling holes or digging
pits. Soil samples are then obtained for laboratory tests. Field soilstests are made when
appropriate. Piezometers may beinstalled for groundwater observations. Using field
expedient and visual-manual tests, an identifying description is made in the field for each
sample. The descriptions are later confirmed in the laboratory or office by further
examinations and tests. The previous estimate of the nature of the soilsin the near-
surface soil profileis reviewed for consistency with the new data and is accepted or
revised as needed.

Sources of pre-existing information

There are several sources of geological, geotechnical, and pedological information that pre-
exist the current subsurface investigation. These should be consulted to form the initial estimate
of the soil profile. They include:

a. Geologic and Pedologic Data Sources--Sources of geologic literature, maps, and related
information for the project areainclude the U. S. Geological Survey, the U.S.
Department of Agriculture Soil Conservation Service (renamed the Natural Resources
Conservation Service in 1994), including the local area conservationists, the state
geological survey, agricultural county agents, and well logs.

b. Project Records--Public, and sometimes private, records of construction projectsin the

wetlands project area may be available that contain a summary of the geologic and
geotechnical information developed for use in the design of those projects.
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c. Remote Imaging--Aerial and/or satellite photography, using either visible or non-visible
light waves, and ground probing radar.

d. General Sources-Libraries, local and regional agencies, and knowledgeable local
individuals.

Scope of baseline soil exploration

If the vertical or horizontal character of the soil profileis expected, from a study of all pre-
existing information, to be fairly uniform, then the depth of exploration and the number and
location of borings or test pits can be reasonably established. However, if the soil profileis
erratic or not very well known in advance, geophysical studies can provide valuable, money- and
time-saving information useful for more efficient planning of the physical exploration.

Geophysical techniques applicable to awetland soils and groundwater investigation include
seismic refraction and electrical resistivity methods. Acoustic impedance may be of valueif al
or aportion of the siteis covered by water. Seldom, however, can geophysical methods alone be
used to establish reliable subsurface information (ASCE 1976). All geophysical data should be
verified by correlation with “ground truth” boring or test pit data.

Number and location of borings. The investigator must establish, in consultation with other
members of the wetland design team, the number and location of discrete attribute popul ations,
i.e., individual areasin which each of the attributes described above tend to be relatively
homogeneous, with only random variations. Significant changesin the parent material, water
regime, slope, slope aspect, and similar factors should signal a systematic (population) changein
one or more of the significant attributes. Each such plot or deposit should, of course, be treated
separately.

The amount to be spent on the total subsurface investigation, which determines the total
number of test borings or test pits, and the magnitude of the sampling and testing program,
depends on the amount of monetary and other risk to the project if (a) all or part of the
exploration is not done and there is asignificant lack of vital information, or (b) unnecessary or
meaningless information is obtained. The amount and impact of the risk isimpossible to
establish analytically because of the lack of input probabilistic information. However, practical
sufficiency can be established intuitively by conference between the owner-devel oper of the
wetland project (the source of funds) and the soil scientists, geotechnical engineers, and other
professionals involved in the project design. Completeinitial agreement by all parties should not
be expected since the priorities and personal biases of each participant will vary from those of
the others. The owner-devel oper must be informed by the professional s of the possible
consequences, and level of risk, due to limitation of the investigation to any given level of
funding.

Of the total number of borings or test pits that are to be made, apportionment should be made
according to the relative uniformity of the character of each plot or deposit. Ideally, if aplot or
deposit for a specific attribute were entirely uniform, then only one sample needs to be taken and
tested to characterize the entire deposit. Some plots or deposits will have fairly uniform
properties over along horizontal distance. Otherswill have a dramatic change over a short
horizontal distance.
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Within each discrete plot or deposit a minimum of four and perhaps up to 10 borings or test
pits should be used. Each boring or test pit should be located horizontally either (a) completely
randomly or (b) in a pattern, as systematic sampling with arandom start. Within each boring or
pit, each soil horizon and pan should be identified by thickness, texture, and depth. If the
thickness of any horizon exceeds the normal length of a sample, the vertical location(s) within
each thickness should be established at random.

Depth of exploration. If the study of pre-existing information or the early borings and/or
test pitsindicate that only one or two types of parent material (C horizons) exist in the near-
surface soil profile, then theinitial soil explorations may need to extend only deep enough to
confirm the depth and character of the C horizon(s), on the order of 1.5 to 2 meters (5 to 7 ft)
(Soil Survey Staff 1993). One or more deeper borings may be needed for piezometer
installations to monitor the depth, inclination, and seasonal variation of the free water surface,
i.e., the water table.

Soil Classification Systems

In soilstechnology, a distinction exists between the terms. identification, description, and
classification. Unfortunately, these terms are sometimes used interchangeably and this may lead
to misinterpretation.

Soil identification is the determination to which class a given soil specimen belongs using
factual information derived from generally accepted test and observation methods. The specific
identification tests and observations that are made on a soil are usually dictated by the
requirements of the soil classification system to be used. The results of each test or observation
are part of the identifying characteristics of the specific soil sample.

A soil description is arepresentation, using words, phrases, and numerical data, of the
significant characteristics of a soil specimen. The descriptor terms are generally arranged into
groups, or classes, defined according to the results of certain agreed upon observations and
identification tests, without consideration of a specific application.

Soil classification is a systematic arrangement into groups, according to certain agreed upon
rules or criteria, based on identification tests and observations, that provide a rating of soilswith
regard to a certain limited number of qualities and potential behavior characteristics that are
considered to be significant and important in a particular field of soil-related work based on
criteria established by interpretations of experience. Soil classification isinterpretive
information, whereas soil identification is factual information.

All soil classification systems provide definitions of the descriptor termsused. Therefore, it
isusually necessary in a soil description to identify (directly or by implication) the classification
system being used so that terms can be correctly defined.

There are three soil classification systems frequently used in the wetlands literature and in
the sources of pre-existing information described above. They are (&) USDA Soil Taxonomy,
(b) the Unified Sail Classification System (USCS), and (c) the AASHTO Highway Soil Classifi-
cation System. Soil Taxonomy was devel oped for agricultural soil science. Each of the two
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other systems was devel oped to serve a specia engineering- or construction-related purpose.
The three systems are described in detail in Appendix A.

Table 2-3 contains a comparison of four textural or grain size classification systems,
illustrating the fact that definitions of gravel, sand, silt, and clay vary dlightly between the
systems. The Wentworth system (Wentworth 1922) shown in Table 2-3 was originally
developed for use by geologists, but is now used by alarge number of scientistsin other
disciplines. The Wentworth exponent, ¢, (Krumbein 1936) was introduced in pre-computer time
to facilitate cal culation of the statistical moments (average, variance, skewness, and kurtosis) of
the grain size frequency distribution.

USDA Soil Taxonomy

The U. S. Department of Agriculture Soil Conservation Service (changed to Natural
Resources Conservation Servicein 1994), in its soil surveys, uses Soil Taxonomy, A Basic
System of Soil Classification for Making and Interpreting Soil Surveys (Soil Survey Staff 1975).
However, when describing the engineering behavior characteristics of soilsin its county soil
survey maps and publications, the USDA uses the USCS, one of the geotechnical engineering
systems.

The basic agronomic soil mapping unit is the soil series, whose members have the same
genesis and weathering profile. Series having similar but not identical characteristics are
grouped into families. Similar families are grouped into subgroups, then into great groups, and
then into suborders. The highest category of Soil Taxonomy isthe order, of which ten have been
defined.

Within each soil series, the soil profileis divided into soil horizons and layers within each
horizon. The identifying characteristics of the soil of each horizon layer consist of: (a) texture,
(b) structure, and (c) consistence. These correspond, roughly, to the soil’ s engineering
properties. Texture isameasure of material grain (grain size) properties, structure corresponds
to the mass (density) properties, and consistence corresponds to the physical (strength)
properties. These characteristics are described in Appendix A.

Unified Soil Classification System

The Unified Soil Classification System (USCS) is used (a) primarily as arating, or
classification, of soilsfor use in a compacted airfield base course and for other forms of
earthwork, and (b) for describing soil materials of gravel size and smaller. Soils whose dominant
particle sizeis larger than 76 mm (3 inches) are not included. This excludes fragments of rock,
shale, cemented soil, boulders, and cobbles. The USCSisthe classification system of the
geotechnical engineer, both because of formal training and because of required use within the
geotechnical branches of the US Army Corps of Engineers and the Water and Power Resources
Service. The USCSisdescribed in Appendix A.

Soils are classified first according to grain size. Soils with more than 50 percent retained by
weight on the U. S. Standard No. 200 screen (0.074 mm) are classified as coarse-grained: either
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Table 2-3
Grain-Size Limits of Textural Classification Systems
Equivalent Spherical Diameter, mm
(U. S. Standard Sieve Size)
Group Name
Wentworth ¢! | USDA soil uUsCs AASHTO
(1922) Survey Staff (AST™M (1988)
(1975) ° 1994)
Boulder
Cobble 256 (10 in.) -8 250 (10 in.) 300 (12in) | -
Coarse Gravel 64 (2-1/2in.) -6 76 (3in.) 75 (3in.) 76 (3in.)
Med. Gravel 16 (5/8in.) 4 - ]
Fine Gravel 8 (5/16in.) 3 | - 19 B3/4in) | -
Coarse Sand 2 (No. 10) -1 2.00 (No.10) 8 4.76 (No. 4) 2.00 (No. 10)
Medium Sand 0.500 (No. 35) | +1 0.500 (No. 35) 2.00 (No. 10) 0.425 (No.40)
Fine Sand 0.250 (No. 60) | +2 0.250 (N0.60)* 0.425 (No.40) | -
Coarse Silt 0.063(No. 230) | +4 0.050 (No. 270)® | 0.074 (N0.200) | 0.074 (No.200)
Medium Silt 0.031 +5 oo2°%® |- |-
Fine Silt 0.016 +6 |- |- | -
Clay 0.004 +8 | 0.002 (0.002) * (0.002)*

! Wentworth exponent: ¢ = -log,D =-3.3219 log,;,D where D = grain diameter, mm.
USDA does not use the term “boulders.” Instead, the following definitions are used:
Coarse Fragments 2 to 250 mm (gravel and cobbles)
Stones (rounded) 250 to 600 mm (10 to 24 in.) diameter
Stones (flat) 150 to 380 mm (6 to 15 in.) length
Large Stones >75mm (> 3in.)
3 Small Stones <75mm (>3in.)
USDA subdivides sand and silt sizes into seven categories:

Very coarse sand 20 - 1.0mm
Coarse sand 1.0 - 0.5mm
Medium sand 0.5 - 0.25mm
Fine sand 0.25 - 0.10 mm

0.10 - 0.05 mm
Coarse silt 0.05 - 0.02 mm
2 Fine silt 0.02 -0.002 mm
Although not specified, this value is generally accepted among geotechnical engineers.

Very fine sand
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gravel or sand. Soils containing 50 percent or more fines (material passing the No. 200 screen)
are fine-grained soils: either silt or clay. The fraction of asoil finer than the No. 40 screenis
used for the plasticity tests: liquid limit (LL) and plastic limit (PL), and the plasticity index (Pl)
which isthe numerical difference between the LL and the PL. Only two levels of plasticity are
recognized: LL equal to 50 percent or less means low plasticity and LL greater than 50 percent is
high plasticity.

AASHTO Soil Classification System

The American Association of State Highway and Transportation Officials (AASHTO 1988)
classification system for highway soilsis also described in Appendix A. Thisisarating system
based on expected load-carrying capacity and serviceability of the soil when used in the
construction of a highway base or subgrade. It is assumed in the classification that the soils will
be suitably compacted in place. Because soils will be remolded prior to use, the system uses only
soil material data (grain size and Atterberg limits) for classification. To aminor extent, it
recognizes the relative difficulty of excavating, manipulating, and compacting each of the various
soil groups. Granular soils are those having 35 percent or less finer than the No. 200 screen
(0.074 mm). Among the silt-clay materials (more than 35 percent passing the No. 200), silty
soils are those with a plasticity index of 10 or less; clayey soils have a plasticity index of 11 or
more.

Soil Exploration and Sampling for Baseline Investigation

Geophysical exploration is sometimes used to obtain arapid overview of site variability or of
water table depths. Samples of the soils are obtained from the surface, or from below the surface
by means of borings or test pits. The properties of the soil material (grains, pore fluid, etc.) are
determined by testing disturbed, or remolded, samples. Soil mass and physical behavior
properties tests are made either on undisturbed samplesin the laboratory or in the field using
in situ test methods.

Geophysical exploration methods

All geophysical exploration methods measure energy fields emanating from, or applied to,
the soil profile. The resulting data can then be correlated with soil or rock stratification and
certain physical properties of interest. Of the several techniques available, the induced field
seismic and electric resistivity methods, conducted from the ground surface, have found the most
practical application for geophysical studies on land (USACE 1984) and acoustic subbottom
profiling is applicable for underwater explorations such asin dredging studies (Spigolon 1993).

There are several sources of professional literature available that discuss the application of
geophysical methods to subsurface exploration. Two excellent resources, each with extensive
references, are the Corps of Engineers Engineer Manual EM 1110-1-1802, Geophysical
Exploration (USACE 1979), and the AASHTO Manual of Subsurface Investigations (AASHTO
1988). Manufacturers of geophysical equipment are also sources of valuable information.

Geophysical methods are limited to measuring the average characteristics of large areas or
volumes, whereas borings, test pits, or probings provide detailed information at an individual

Page 2-32 Chapter 2-3 Characterizing Existing Soils



Wetlands Engineering Handbook March 2000

exploration point. Geophysical explorations are of greatest value when made early in the field
exploration program, in combination with a limited number of borings for “ground truth”
calibration. The cost of geophysical explorationsis generally low compared with the cost of
borings or test pits. The limited information about subsurface stratigraphy and lithology from the
geophysical studies can then be applied to developing a more effective and efficient plan for
establishing the locations of the more detailed borings.

Soil sampling methods

Soil sampling methods feasible for use in a wetland subsurface investigation include devices
for securing either (a) undisturbed or (b) disturbed, but representative samples. Several design
variations of each of these are in common use for both soil science (plant-growth) and for
geotechnical engineering purposes.

A truly undisturbed sample is one that maintains all of thein situ soil mass characteristics
including shape, volume, pore structure and size, grain orientation and structure, and the in situ
horizontal and vertical pressures. A representative sample, on the other hand, may be remolded
dlightly or completely, i.e., it contains all of the soil material, both solids and fluids, of itsin situ
state but does not maintain the structure, grain orientation, or in situ density.

Laboratory and/or field tests of thein situ soil's mass and physical behavior properties, i.e.,
density, permeability, and strength, require an undisturbed sample. Tests for material grain
properties are made on a disturbed sample, but are dependent on the sample being fully
representative. If all of the constituents of a sample are not present, then obviously any material
identification tests of the sample will not represent the real character of the soil. Thereisno
technical reason to select one representative sampling method over another provided the resulting
sampleistruly representative. Total sampling cost and possible coordination with a physical
behavior testing method are the prime requirements.

Devices for obtaining undisturbed samples include (@) the thin-wall tube sampler, including
piston samplers, used only for soft to stiff cohesive soils, and (b) the core barrel sampler, used
only for very hard or cemented soils. Devices for securing disturbed, but representative, soil
samplesinclude (a) the thick-wall split-tube sampler, the best known of which is the Standard
Penetration Test sampler, (b) the vibrating tube sampler, (c) the bucket auger sampler, and (d) the
scoop sampler.

Thin-wall tube samplersfor cohesive soils. A seamless metal circular tube, with a
sharpened cutting edge and relatively thin wall thickness, may be forced into a soil to obtain an
undisturbed sample. It is nearly impossible, using practical methods, to obtain atruly
undisturbed tube sample of sands or other granular soils. The thickness of the sampler wall, the
pushing force, and any sampling vibrations tend to cause volume changesin granular soils,
disturbing their in situ structure and significantly changing their mass and behavior properties.
Undisturbed thin-wall tube samples may only be obtained from soft to very stiff cohesive soils,
primarily clays. Appreciable resistance to penetration by the tube in hard cohesive soils will
cause the tubing to crumple.
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Undisturbed sampling devices require careful technique for obtaining, sealing, shipping,
unsealing, extruding, and testing. The sampling must be done from a stable platform and the tube
must be inserted with a slow steady push without impact or vibration. A poorly sealed tube will
alow drying of the samplein transit and in storage. Drying cracking may affect laboratory tests
for permeability. Vibration or shock during transport can totally destroy the structure of loose
silt samples. Care must also be exercised during sample extrusion and handling, particularly
with soft or partially saturated samples.

Corebarrel samplersfor hard soils. Extremely hard soils are too hard for sampling by the
direct insertion of athin-wall metal tube. The Denison sampler (Hvorslev 1949) issimilar to a
double tube rock core barrel except that the inner, non-rotating tube projects beyond the outer,
rotating tube. The amount of projection can be adjusted for the type of material being sampled.
A similar deviceisthe Pitcher sampler which differs from the Denison sampler only in that the
pressure on the inner tube is spring controlled.

Thick-wall split-tube drive sampler. Animpact driven, thick walled sampler is capable of
penetrating and retaining a wide variety of soil types and strengths, and is usually used in a small
diameter drilled hole. The resistance to penetration is used to indicate the shear strength of soils
by rough correlation with the relative compactness of cohesionless soils or the relative
consistency of cohesive soils. The best known of these devices is the split-tube drive sampler
used in the Standard Penetration Test (SPT) as described in ASTM (1994) Method D 1586,
shown in Figure 2-5.

The
sampler is 1% to 36 inch
typif:)ally Shoe Head g AMPLERS:

) ) Solid or $plit Barrel oD 25 30 3.5 inches
fitted with L. - . . - D 20 25 30 inches
ahardened | Mool v _________
stedl drive
shoe Figure 2-5. Cross-section of thick-wall tube sampler.
having the

same outside diameter (OD) as the sampler, with an inside diameter (ID) 0.32 cm (0.125in.)
smaller than the barrel, or tube, ID. This permits the use of athin metal sample liner inside the
barrel, if desired. The maximum size of particle that can be sampled in athick walled split barrel
sampler is glightly smaller than the inside diameter of the drive shoe.

Although extremely useful as an exploration and sampling device, this sampler requires a
stable drive platform, a heavy drop weight, and somewhat longer time to operate than several
other sampler types. However, there is no requirement for a heavy (or any) weight as areaction
against pushing forces asin push-type penetrometers. Relatively untrained personnel can be
taught to use the device in a short time.

Vibrating tube samplers. Vibrating tube corers (samplers) are capable of securing a sample
without pre-boring or external casing. A continuous, lightweight metal tube is vibrated into the
soil by an electrically operated vibrator situated at the top of the tube. No casing is needed for
sampling below the water table or water surface.
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The units are light enough to be manipulated by hand by one or two persons. The electric
power unit is also lightweight, permitting the entire system to be operated from a small boat if
needed. Tube lengths of 60 m (20 ft) and more are common. All soil types except very hard,
dense, or cemented soils may be excavated and retrieved. These devicesimpart a sample
disturbance to the soil whose magnitude depends on the type of soil, the effect of the vibration,
the side friction in the tube, and the vertical stability of the tube during penetration. Although
vibrating tube samplers are not capable of obtaining undisturbed samples, they do obtain a
continuous representative sample.

There are several commercial manufacturers of vibrating tube sampling devices world wide.
A typical vibrating tube sampler uses high frequency (7000 to 12000 vibrations per minute) and
low amplitude vibrations applied to the drill string to shear the soilsin the immediate vicinity of
the cutting edge of the core barrel. This permits the typical device to enter unconsolidated
granular and cohesive deposits at rates up to 1.5 m (5 ft) per minute. One commercial design
uses lightweight equipment, having a 39-kg (85 Ib) engine, an 11-kg (25 Ib) drive head, and
lightweight tubes of 85-mm and 135-mm (3.35- and 5.31-in.) diameter, and is portable and
operable by atwo-person crew.

Bucket auger samplers. A bucket auger consists of afairly short metal tube, open at the
top and connected to adrill rod. The partially closed bottom is provided with an open cutting
edge for drilling and for retaining the excavated, highly disturbed sediment sample. The bucket
is used both to advance the hole and to obtain a soil sample. The bucket is removed from the
drill hole each timeitisfilled or if asampleisrequired.

Bucket sizes can vary from 5 cmto over 60 cm (2-3in. to
more than 24 in.) in diameter. A small diameter bucket auger, as
shown in Figure 2-6, may be operated by hand; larger diameter
buckets require machine rotation and handling in and out of the
bore hole.

Bucket sampling is applicable to all soil types. Large opening
bucket samplers must be used when sampling soils containing
cobbles or boulders or other large objects. Soils must be capable
of being easily cut with the cutting edge of the bucket.

Scoop samplers. All samplers used in bore holes are limited
in the size of particle that can be retrieved by the end opening of
the sampler and the size of the bore hole. Asaresult, vegetation,
debris, boulders, cobbles, coarse gravel, and rock fragments can Posthole or lwan Auger
sometimes only be sampled with alarge-size, powered scoop Figure 2-6. Hand-operated
sampler, or manually by a person, in apit or trench. Thesimplest bucket auger.
scoop is amanually operated shovel or a hand-held scooper such
asaspoon or trowel. Powered scoop samplers are production-size, mechanical excavation
(scooping or digging) machines such as (a) power shovel, (b) backhoe, (c) clamshell (grab). A
small, tractor-mounted backhoe is the most available, popular, and useful of the powered scoops.
Small backhoes can dig pits up to about 12-14 ft deep. Care must be taken to insure that the
sides of the pit will not collapse on a person working at the bottom.
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Boring methods

Sampling of soils may be done at the soil surface or below the surface. If soil samplingisto
be done below the surface, some method must be used to access, or reach, the sampling and/or
testing depth. This may be accomplished by (a) excavating, or boring, asmall diameter hole to
the appropriate depth, or (b) digging an access pit.

Borings for sampling and/or field testing can be made without the use of heavy excavation
equipment, although some boring methods require heavy, machine mounted equipment. Because
of the shallow depths explored for theinitial site exploration at wetland sites, virtually all
borings are made by mechanical augering. A bucket auger or a continuous flight (spiral) auger is
used to advance the hole and remove the cuttings. Small diameter units can usually be operated
manually to depths of up to 30 or so feet. Larger diameter units, or deeper holes, or faster
operations, require a drilling machine with a mast.

Bucket auger. A sampling bucket, Figure 2-6, with a cutting edge on the bottom, may be
used to both advance the hole and obtain a soil sample. The bucket is attached to the bottom end
of adrill rod and the system is rotated into the soil. The bucket is removed from the drill hole
eachtimeitisfilled or if asampleisrequired. Bucket sizes are typically from2to 4 in. or even
larger in diameter. Representative (disturbed) samples of the entire vertical reach of the boring
are possible, even from under water, if the hole does not collapse. Sands sampled from under
water may wash out of the bucket during removal. Casing may be required if the hole has a
tendency to collapse, particularly for sands below the water table. The diameter of the bucket
must be smaller than the inside of the casing.

A small diameter bucket auger may be operated by hand; larger diameter buckets require
machine rotation and handling in and out of the bore hole. Boring depths are limited by the
capability to handle the drill pipeinto and out of the bore hole. Drill rod lengths up to 10 m
(30 ft), with asmall bucket, can be handled by atwo-man crew, by hand, without a derrick.
Bucket auger boring is applicable to all soil types except for those containing very coarse
gravels, cobbles, or boulders. Soils must be capable of being easily cut with the cutting edge of
the bucket, i.e., soft or loose soils.

Continuousflight auger. A continuous flight auger may be hand- or machine-rotated into
the soil. The auger iswithdrawn periodically for removal of cuttings or the cuttings will return
to the surface on the auger flights without withdrawal. Samples taken from the auger flights after
avery short insertion are similar to bucket auger samples and may be representative. Samples
taken from the auger cuttings as they return to the surface tend to be segregated and non-
representative. The auger must be withdrawn for sampling or in situ testing.

Continuous flight augers, Figure 2-7, are applicable to al soil types except for those
containing very coarse gravels, cobbles, or boulders. Uncased holes in soft clays and clean
granular materials below water tend to collapse on withdrawal of the auger because of
groundwater pressure. Hole advancement is typically very fast when the auger is power driven,
although hand-held power-driven units are portable and quite fast when operated by a two-person
crew.
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Power Earth Auger

Cuttings Carried
to Surface

ontinuous Flight Augers

Cutter Head

Figure 2-7. Truck-mounted continuous flight auger.
Pits and trenches

A dug pit or trench isthe most useful of all initial subsurface exploration methods. The
entire soil profile can be exposed on the vertical sidewall. This permits visual identification and
thickness measurement of the soil horizons and of pans. Representative samples can be taken
from the side walls at any desired level and of any reasonable size. Undisturbed samples can be
obtained either as clods or as hand-trimmed samples from the side walls (USACE 1971). All
samples should be sealed to prevent drying during transit to the laboratory.

Some sediments, such as coarse gravel, cobbles, boulders, shells, and debris, cannot be
sampled effectively using the usual boring and sampling methods. When underwater sampling is
required, without the ability to view the soil profile, atest pit or trench is then the only way of
obtaining a representative sample of these materials.

Test pits and trenches are usually made with mechanical equipment such as clamshell (grab),
dragline, or backhoe machines. The pit is dug to the sampling or testing depth. Sampling or
testing is then done at the surface or sides of the pit. Because the excavation machinery disturbs
the soil around its cutting edge and bucket sides, it is desirable that the last few centimeters
(inches) of excavation be done by hand or by boring before undisturbed sampling or testing is
done.

Tests for Wetland Soil Attributes

Each of the wetland soil attributes described earlier in this chapter can be identified by
means of aformal, well defined, test procedure. In many of the identification tests, the outcome
of thetest is directly affected by the specifics of the test procedure. For this reason, most of the
test methods have been standardized. In field situations, where time and climate control do not
permit laboratory-style tests, field expedient tests are available that give reasonabl e estimates of
the results of the more formal tests. Mass properties tests must be done on undisturbed soil,
either on an undisturbed sample or the undisturbed soil in thefield, i.e., in situ. Summary
descriptions of all appropriate soil tests, including definitions and test methods, are contained in
Appendix B.
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Standard soil attribute tests

The primary source of standard soil-science test methods for USDA Soil Conservation
Service is the Soil Survey Laboratory Methods Manual (Soil Survey Staff 1992). Other good
sources of testing information, consisting of summaries of test methods, are contained in the
USDA-SCS National Soil Survey Handbook, Part 618 (Soil Survey Staff 1993) andin Soil
Sampling and Methods of Analysis, a publication of the Canadian Society of Soil Science (1993).
Other sources include various textbooks on the subject of soil testing for agronomy.

The main standardizing agency for engineering soil testsin the U. S., and in some of the rest
of the world, is the American Society for Testing and Materials (ASTM 1994). Other, similar
agencies exist in some European and Asiatic countries. The U. S. Army Corps of Engineers
maintains a manual of soil test procedures (USACE 1970) that are similar in ailmost all respects
totheir ASTM counterparts.

Field expedient soil identification tests

Because many of the formal laboratory tests require a laboratory environment, skilled
technicians, and considerable time, a number of field-expedient visual-manual test methods have
been devel oped to provide reasonably close, useful approximations to the results of the more
formal tests. Both the USDA Soil Taxonomy and the USCS (ASTM D 2488, 1994; USACE
1971) describe field expedient tests that are made using visual-manual methods for determining
the soil name and classification. The two systems, although using different names, use similar
field expedient tests. The results of the field expedient tests are used to group similar samples
and, thereby, to reduce the number of more expensive laboratory identification tests that should
be made.

Field tests of mass and behavior properties

The properties of the soil mass and the soil’ s potential behavior that may be determined by
test during the baseline site investigation of awetland include:

a. Density

b. Permeability

c. Suction (capillarity)

Procedures for making these tests in the laboratory and/or in the field are given in Appendix
B. Thefield teststend to be expensive in time and cost and are, therefore, often estimated by
correlation with less expensive index properties tests.
Correlations of soil properties

Sail properties will vary considerably over afairly wide area. From mathematical statistics,

it can be shown that any given property of a homogeneous soil deposit can be characterized by its
average and variance. Furthermore, for estimates of the average and variance, alarge number of
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low precision (high variance), inexpensive tests can be equivalent to a small number of highly
precise, expensive tests. For that reason, simpleindicator, or index properties, tests of soils have
been used extensively to indicate the results of costly, time consuming, and complex tests. Many
of the standard textbooks of soil science and of geotechnical engineering contain some
correlation test relationships. The reader is referred to textbooks and other pertinent publications
for specifics of the correlations. A highly useful reference source for pedologic soil behavior
properties is the National Soil Survey Handbook (Soil Survey Staff 1993). Two excellent
engineering reference sources are () U. S. Army Technical Manual TM 5-818-1, Soilsand
Geology, (USACE 1983), and (b) Design Manual DM 7.1 (Department of the Navy 1982).

Erodibility. Erodibility is defined as the ease with which particles, or aggregations of
particles, can be excavated, or removed, from their in situ position and condition with afluid,
water or air, flowing across (erosion by cavitation) or against (erosion by impingement) the
surface. The surface erosion of a soil deposit depends on a number of interrelated factors whose
properties are used in empirical methods for estimating the potential for water or wind erosion.
These factorsinclude: texture, organic matter content, stability of the soil aggregate, calcium
carbonate reaction, rock fragments content, subsoil permeability, and depth to a pan.

Permeability. Fairly good correlations have been established between the permeability of
granular soils and the results of grain size distribution tests. These are described in Design
Manual DM 7.1 (Department of the Navy 1982). Several geotechnical engineering textbooks
contain atabulation, such as the one shown in Table 2-4, of typical permeability values for
various soil types. These broad characterizations of permeability values are often sufficient for
preliminary and even general design use.

Shear strength. Correlations have been published in textbooks and other literature for the
strength properties of cohesive soils. These include correlations between (@) sensitivity and
liquidity index, (b) shear strength of remolded clays and liquidity index, (c) the ratio of undrained
shear strength to effective overburden pressure as a function of plasticity index or of liquidity
index, and (d) angle of shearing resistance with plasticity index. The source references given
above should be consulted for these correlations.

Correlations for the shear strength of granular soils have been published between (a) angle of
shearing resistance and Standard Penetration Test blow count, (b) angle of shearing resistance and
relative density, and (c) coefficient of earth pressure and angle of shearing resistance. The source
references given above should be also consulted for these correlations. Other useful correlations,
which have been established for local soil deposits, may exist only in local files.

Compressibility. Because of the lengthy time and high cost of laboratory consolidation tests
of cohesive soils, a number of useful correlations have been established between the compression
index and either liquid limit, initial void ratio, or initial water content. Correlations have been
established between the coefficient of consolidation and the liquid limit. The settlement of
granular soils under afooting load has been correlated with Standard Penetration Test results.
The correlations may be found in geotechnical engineering textbooks.
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Table 2-4
Permeability Coefficients for Various Soils (after Peck, Hanson,
and Thornburn 1974)
Permeability, k
Soil Type Drainage
cm/sec in/hr
102 1.42x10°
Clean gravels
10" 1.42x10*
1 1.42x10°
Clean sands 1 5 Good
10° 1.42 x 10
1072 1.42x10"
Clean sand and gravel mixtures
10°® 1.42
Very fine sands 107 1.42x107*
Organic and inorganic silts, mixtures 107 1.42x107°
of sand, silt, and clay, glacial till, Poor
stratified clay deposits. 106 1.42x107°
Impervious soils, for example, 107 1.42x10™
homogeneous clays below the zone 5 s Practically
of weathering. 10° 1.42x10° impervious.
10°° 1.42x10°

Detailed Subsurface Investigations

The remainder of this chapter discusses subsurface investigations for the structural and
earthwork aspects of awetland project. Included is guidance for selecting the number and depth
of borings or pits. Although the principles remain the same as those for making the baseline
subsurface investigation, the scope of a detailed, or specific, subsurface investigation for
ng the geotechnical engineering character of the soils requires sampling methods and soil
tests more suited to earthwork problems, especially shear strength determinations.

Significant soil properties

The emphasisin the detailed site investigation for earthwork is on the physical behavior
properties of the soils rather than the plant-growth properties. Typical concerns in earthwork
involve the physical behavior of excavation sites, the transport roadway, the compaction of soils
in dikes or in subgrade sealing, and the depth to the water table.

The main soil characteristics to be determined in the detailed subsurface investigation of
structure and earthwork sites are:

a. Sratification. For stratification, determine the elevation and thickness of the A-, E-, B-
horizons, the nature of the C-horizon, and the depth of the water table. See Figure 2-4 for
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definitions of the soil profile horizons. Reasonably accurate volumes (area and thickness)
of the various soil types to be moved are essential for planning cut and fill operations.

b. Grain properties. The soil material, or grain properties, of significance are texture (grain
size distribution), Atterberg limits, organic content, and water content. The soil grain
properties are useful for soil identification and as index properties, or indicators, for
correlation with the physical behavior properties. They are used to reduce the need for
the more complex and expensive physical behavior properties tests.

c. Massand behavior properties. Density, permeability, relative consistency (cohesive soils
only), relative density (clean granular soils only), compressibility, and erodibility are the
mass and behavior properties of interest. Soil strength is amajor factor in the diggability
during excavation and of trafficability in the borrow area and the transport roadway.
Compressibility of the foundation must be known for establishing constructed dike
heights. The strength and permeability of compacted soil are needed for designing dikes
and for subgrade sealing.

Scope of detailed subsurface investigation

There are no standard requirements or methods for a subsurface investigation for borrow pits,
roadways, or dike and levee sites. Each subsurface investigation must be adapted to the
geomorphic environment, locally available equipment and personnel, personal experiences with
local soils, and to time and budget constraints.

Depth of investigation. Earthwork will involve any or all of the areas at awetland site that
will be used for: (@) excavation, (b) soil transport roadway, or (C) deposition, either as areadl fill or
asadike. The needed depth of exploration sampling and testing will vary with the type of site.

a. Excavation sites. The boring, test pit, or probing depth should extend at |east one or more
meters (few feet) below the maximum expected depth of excavation at each site. In
addition to providing excavatability information, the borings may indicate the presence of
awater table that can affect the excavation equipment.

b. Roadways. Trafficability studies are generally shallow unless aroadway isto be a
permanent feature of the wetland and there is aneed for road cuts or fill. Borings will
rarely need to extend more than one or two meters (up to five feet or so).

c. Deposition sites. Unlessan areal fill is more than a meter or so (afew feet) thick and the
underlying strata are highly compressible, thereis little need to extend the borings under
such awide fill more than one or two fill thicknesses. For dikes or similar structural
loads, the rule of thumb is to extend borings to a depth where the net increase in soil
stress under the weight of the structure is less than 10% of the average load of the
structure. Since dikes generally have atriangular shape, the total cross-sectional load of a
dike with reasonably expected side slopes can be converted to an equivalent rectangular,
footing-like section of uniform loading. Then, using the 2:1 rule of thumb for along
footing, the depth of exploration should be about three times the equivalent uniformly
loaded
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“footing” width of the dike. Thiswill tend to equal about two times the actual base width
of the dike.

Number and location of borings. AASHTO (1988), Sowers (1979), and Teng (1962) have
provided guidelines for investigation site spacings for highway subgrade, earth dike or
embankment, and borrow pit explorations, as shown in Table 2-5. These should be taken asinitial
guidance only, as a starting point for consideration, and then modified to fit the specific wetland
project resources, priorities, and needs.

Table 2-5
Guidance on Spacing of Borings for Earthwork
Suggested Spacing of Borings, meters (feet)
Specific Horizontal
Project Stratification AASHTO Sowers Teng
(1988) (1979) (1962)
Uniform 60 60-240 150-300
(200) (200-800) (500-1000)
Borrow pit
(Excavation site) | Average 30 30-120 60-150
(100) (100-400) (200-500)
Erratic 15-60 15-30
(50-200) (50-100)
Uniform 300 120-1200 300
Highway (1000) (400-4000) (1000)
subgrade
(Construction Average 60-90 60-600 150
roadway) (200-300) (200-2000) (500)
Erratic 30-60 30-300 30
(100-200) (100-1000) (100)
Uniform 30-120
Embankment (100-400)
or Dike
Average 60 15-60
(200) (50-200)
Erratic 30 7.5-30
(100) (25-100)

Geotechnical exploration and test methods

Many of the exploration methods, sampling methods, and test procedures for determining the
plant-growth characteristics of the near surface soils, described earlier in this chapter are also
applicable to the needs of the detailed subsurface investigation for earthwork. Appendix C,
Strength Tests of Soils, contains a discussion of those field strength testing methods and
equipment that were not included in the earlier discussion and in Appendix B and that are
particularly applicable to the soil handling and structure phase of awetland project. Thein situ
shear strength of wetland soil affects the choice of excavation equipment, the energy needed for
excavation of the material, and the stability of the foundation of aretaining dike. It is also afactor
in determining trafficability in the borrow area and on the transport roadway.
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Unlike structural foundation engineering, where soil strength must be accurately and precisely
known, the strength of a soil to be excavated does not need to be determined with high precision.
At the present state of the art, it is generally sufficient to categorize the strength of a soil in broad
groups. It suffices, therefore, to define strength in terms of the relative compactness (loose to
dense) of cohesionless soils, the consistency (very soft to very tiff) of clayey soils, and the
relative hardness of cemented soils.

After the soil isremoved fromits original location, the in situ structure is disturbed and the
original in situ strength is no longer available. The disturbed soil may then be used in afill. The
required shear strength of the compacted soil in a dike, which determines the placement method,
water content, and compactive effort, is governed by the slopes used in the embankment (or vice-
versa). Soil compaction is discussed in Section 7-8.

Costs for Subsurface Investigation and Soil Testing
Geotechnical subsurface investigation costs

The cost of a subsurface investigation can vary widely, depending on many factors. The
equipment may be transported to any given exploration site, i.e., boring or pit, (a) on land-based
equipment, either trucks or al-terrain vehicles, (b) on boats or small barges, and/or (¢) hand
carried or back-packed.

Drilling, sampling, and/or field testing on land can be very rapid if special machine-operated
test drilling rigs are used. Wash boring or even hand auger boring is slower and the usual lack of
an engine causes the use of slower hand labor. The cost of labor versus the cost of machinesto do
the same work, if timeisnot afactor, isusually the deciding factor. Commercial drill rigs and
crews often must be mobilized from a central office at some distance from the project site at an
hourly and mileage cost.

Test borings on water are more complicated than those made on land. If adrilling rigisto be
used and the water surface is undulating, it may be necessary to use a spud barge with legs
extending to the soft bottom of the pond, lake, or watercourse. Cone penetration in hard soils
requires a heavy reaction load on the boat or barge. Vibrating tube corers have been successfully
used to obtain samples by a two-person crew over the side of asmall boat, but no strength
information is obtained.

Table 2-6 has been assembled as an example for budgeting purposes, showing typical costs
(1994 prices) for subsurface exploration services by atypical commercial drilling firm. Actual
prices may vary somewhat from those shown, especially in various parts of the U.S. and if
operating conditions are worse than anticipated in the pricing structure shown. Table 2-6 is
intended only for budgeting purposes and does not represent a quotation or offer to do exploration
work by the U. S. Army Corps of Engineers or by another person or firm associated with this
handbook.
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Table 2-6
Typical Costs for Subsurface Exploration

Service Typical Cost
(1994 Prices)

Machine Drilling on Land

Mobilization of drill rig, support vehicle, and person crew from $30 - 50 per hour +

office to project site and return. $0.47 - 0.78 per km.
($0.75 - 1.25 per mi.)

For drill rig and crew -- site preparation, long distance or $100 - 150 per hour.

delayed movement of drill rig on site, standby, and/or site

cleanup.

Test borings, SPT at 0.75 m. (2.5 ft) intervals to 5 m. (15 ft). $39 - 52 per meter

($12 -16 per foot).

Test borings, SPT at 1.5 m. (5 ft) intervals to 15 m. (50 ft). $33 - 46 per meter
(%10 -14 per foot).

Shelby tube (undisturbed samples), 7.6 cm. x 76 cm. (3in. x 30 | $12 - 15 each
in.), as a substitute for an SPT sample

Shelby tube (undisturbed samples), 7.6 cm. x 76 cm. (3in. x 30 | $22 - 25 each
in.), in addition to an SPT sample.

Costs for laboratory tests of soils

Many, if not all, soil samplestaken in theinitial site investigation will be tested for the
wetland soil tests described in Appendix B. As an example of costsfor use by the site
investigation planners, the 1994 price range for some laboratory soil testsisgivenin Table 2-7.
These prices are for test samples delivered to a private commercial soils (engineering and/or
agricultural) testing laboratory and do not include the cost of securing the sample, transporting it
to the laboratory, or temporary storage. Samples delivered to acommercial testing laboratory for
soil testing are usually priced on a per-test basis. These costs will vary over the U.S. asthe
wages of the local testing technicians vary. Table 2-7 isintended only for budgeting purposes and
does not represent a quotation or offer to do testing work by the U. S. Army Corps of Engineers or
by another person or firm associated with this handbook.
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Table 2-7
Typical Costs for Laboratory Tests of Soils

Soil Property Typical Cost

(1994 Prices)

Cation exchange capacity (CEC) $15.00 to $40.00 ea.
Elemental analyses -- B, Ca, Cu, Fe, Mg, Mn, Na, K, P, Zn $6.00 to $12.00 ea.
Heavy metals -- Cd, Cr, Ni, Pb $15.00 to $30.00 ea.
Linear extensibility (volume change) $50.00 to $100.00 ea.
Moisture content (water content) $10.00 to $15.00 ea.
Total Kjeldahl Nitrogen $20.00 to $40.00 ea.
Organic matter $5.00 to $15.00 ea.
Particle density (specific gravity of grains) $50.00 to $75.00 ea.
Particle size (sieve analysis of coarse grains only) $40.00 to $60.00 ea.
Particle size (silt and clay percent, using hydrometer). $80.00 to $100.00 ea.
pH $5.00 to $40.00 ea.
Plasticity (Atterberg limits, LL, PL) $75.00 to $100.00 both
Total phosphorus $10.00 to $20.00 ea.
Total sulfur $10.00 to $20.00 ea.
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2-4 Determining EXxisting
Hydrologic Conditions®

Existing hydrologic conditions must be carefully evaluated to determine if the site hydrol ogy
can support a functional wetland that satisfies the project objective and, if so, to support the
development of a viable wetland design. If the site hydrology is not conducive to wetland
development, the site should be eliminated from further design consideration unlessit is
specifically designated to become a wetland site. The hydrology of unsuitable areas can be
augmented by importing water from nearby areas to support wetland establishment. Such
methods are expensive and do not lend themselves to the long-term evolution of a wetland
system. Thus, they are applicable to only a small number of projects.

A carefully planned and executed hydrol ogic assessment must be undertaken to quantify the
temporal and spatial distribution of water at any site under consideration for wetland restoration
or creation. The site assessment must consider surface water sources such as perennial streams,
tidal influences, direct precipitation, rainfall runoff, and snowmelt and groundwater sources such
as natural springs, interflow, and phreatic aquifers. Hydrologic site assessments must also
consider potential losses of water such as infiltration, evaporation, transpiration, and seepage.
Additionally, the site assessment must gather information on the watershed and its physical
characteristics that may influence the impact flood flows, erosional forces (winds and waves),
and water velocities on the wetland system.

This chapter describes the data that must be collected during the site assessment for specific
design purposes and the available data collection methods. A brief description of the hydrologic
cycle and water balancesis provided for those unfamiliar with the terminology related to
hydrologic investigations. The chapter discusses the requirements for initial hydrologic
investigations and those for performing pre-design hydrologic analyses. Common sources and
sinks of water in wetland systems are also discussed in this chapter.

Hydrologic Cycle

The hydrologic cycle provides a convenient conceptual model (Figure 2-8) to identify the
sources, sinks, storage, and exchange of water in the environment (Bedient and Huber 1992).
Although this conceptual model istypically applied on aglobal or continental scale, it can be
used productively in the planning and design of smaller scale projects such as awetland site. The
hydrological cycle for awetland system consists primarily of precipitation, infiltration,

1 By LisaC. Roig
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Figure 2-8. Conceptual depiction of the hydrologic cycle including water sources and sinks
(United States Geological Survey).

evapotranspiration, groundwater flow, and surface runoff that occur within specified boundaries
of the site.

Precipitation in the form of rain, snow, hail, sleet, fog, or dew deposits water on the wetland
surface and throughout the watershed. Precipitation which falls directly on the wetland surface,
commonly referred to as direct precipitation, contributes directly to the water storage in the
wetland. Much of the precipitation which falls over the watershed may eventually make its way
into the wetland, but will be subjected to various losses such as infiltration, evaporation,
transpiration, and diversion prior to its arrival. Each of these factors represents potential 1osses
and reduces the amount of water available to the wetland itself.

Infiltration is water that is exchanged between the surface and the subsurface. During a
rain storm water seeps into the soil at arate that is a function of the soil composition, the soil
stratigraphy, the antecedent moisture conditions, and the rainfall rate. Infiltration is normally
treated as a vertical process and therefore will not be a significant mechanism of water exchange
through the lateral boundaries of the wetland. Infiltration does become significant when
analyzing the dynamic distribution of water within the wetland. Empirical relationships to
compute infiltration losses are available in the standard hydrology texts, and will be discussed
later in this chapter. Seepage isrelated to infiltration, and it is used to mean the loss of water
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from a body of surface water to the groundwater. Seepage from lakes, reservoirs, and streams
may be estimated when long-term streamflow records are available for the drainage basin. The
seepage rate is calculated as the difference between the inflow and the outflow minus the change
in storage and minus evapotranspiration and other losses.

Groundwater discharge (negative seepage) can also occur when the water table intersects the
land surface. In these cases, groundwater can contribute significantly to the overall water budget
for the wetland. In some cases, groundwater discharge may be the primary water source into the
wetland.

Water is exchanged from the earth's surface to the atmosphere by means of evaporation.
Transpiration is the process by which plants rel ease water through their leaves to the
atmosphere. Collectively these two exchange mechanisms are called evapotranspiration and are
often lumped for the purpose of hydrologic analysis. Water that is evaporated or transpired from
the earth's surface and from plant losses eventually condenses into clouds which may then
develop into rain drops or snow flakes. Evapotranspiration is usually identified as aloss (or
sink) of water from awetland site, because it is unlikely that the water evaporated from the
wetland site will be re-deposited on the same site. Evapotranspiration can be measured from field
observations, calculated according to empirical formulas, or calculated by difference.

Water that is stored in the pores of subsurface geologic deposits (or strata) is called
groundwater. Groundwater flows through the water bearing strata in the direction of decreasing
pressure. When the water bearing deposit is near the surface and is not overlain by aless porous
confining layer the aquifer is said to be unconfined. The interface between the saturated and the
unsaturated zones of an unconfined aquifer is called the piezometric surface or water table.
Wetlands frequently occur in areas where the water table intersects the land surface. In this case
the entire soil column remains saturated and infiltration isinhibited. Groundwater may
contribute to the surface flow by a reverse seepage process when the subsurface pressure
gradient is favorable for flow into the wetland. Groundwater storage and transport must be
accounted for in the wetland hydrologic analysis.

Surface runoff is the precipitation which is not lost to evaporation, transpiration, infiltration,
or in depressions prior to reaching a stream channel or the wetland itself. Consequently, surface
runoff is often referred to as excess precipitation. Surface runoff may reach the wetland as
overland flow from surrounding areas or via a stream flowing directly into the wetland.

Tidal cycles can influence the hydrology of wetlands located in tidal zones dramatically.
Incoming tides can provide a strong inflow of water into the wetland which is evacuated during
the outgoing tide. Thesetidal cycles result in specific wetland characteristics associated with
only tidal wetlands.

Water Balances

One meaningful way to organize hydrologic data is by accounting for all water sources and
sinks within a defined site. The process of accounting for these water sources and sinksis
commonly referred to as awater balance or water budget. A water balance is a systematic
method for quantifying the hydrologic components that influence a specified drainage unit. A
water balance includes all of the major sources and sinks of water within the hydrologic
boundaries of the system. The general water balance equation has been written in many forms, all
of which are essentially the same. One such equation was presented by Fischenich et al. (1995):
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AS = (P+I +l+1+G,+T,;+P,) - (E+T+O +0O;+0,+G +T +P) (2-2)

where

changein water storage in the wetlands impoundment, n?®
direct precipitation on the wetland impoundment, m?

runoff through overland flow into the wetland, n?®

streamflow directly into the wetland, m®

inflow from adjacent stream flooding, m®

wetland inflow from groundwater, n?®

tidal inflows, m?

inflow from pumping, diversions, or other artificial water source, m?
evaporation from the wetland surface, m?

transpiration, n?°

outflow from streams |leaving the wetland, m?

overland outflow due to wetland flooding, m?

groundwater percolation below the root zone, m?

tidal outflows, m®

outflows from pumping, diversions, or other artificial sinks, m?
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A water balance is a useful tool for identifying water supply problems, identifying
preliminary design opportunities, and assessing impacts of proposed engineering measures. A
water balance can also be used to estimate the magnitude of unknown hydrologic components
such as groundwater flow and infiltration losses. The Hydrol ogic Engineering Center (1980) has
published a guide for the preparation of water balances.

Collecting all the data necessary to perform a complete water balance is not possible. Only
the data necessary to support decisions that must be made at specific pointsin the design process
must be available. Since these decisions become increasingly complex, investigations of the
hydrologic conditions and analyses of the hydrologic data typically continue throughout the
design phase. Representative data requirements for various types of hydrologic analyses are
givenin Table5-2. Itisvery rarethat all of the required data are available to perform the
analyses. Thus, in some cases, values must be estimated or modeling techniques must be used to
span data gaps resulting from incompl ete records. The lack of appropriate data, however,
increases the uncertainty associated with the hydrologic analysis. When there are not sufficient
data to satisfy design requirements within an acceptable level of uncertainty, a pre-design
monitoring program must be established to obtain the quality and amount of data necessary.
Establishing such a monitoring program requires a substantial investment of time and effort and
is seldom inexpensive.

Conducting Hydrologic Investigations

Aninitial inventory of the site hydrology should be conducted during the initial site
screening phase to determine if the site can potentially support a wetland system. Thisinventory
can often be based upon areview of existing historic precipitation, streamflow, and groundwater
data.
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However, asite visit is necessary to verify existing conditions including sources and sinks of
water. If the initial assessment suggests that the site could support a range of low cost, low
impact designs, then the site likely warrants consideration beyond the initial site screening.
However, if the hydrologic conditions are inadequate or elaborate engineering measures will be
required to achieve desirable hydrologic conditions, the site should likely be eliminated in favor
of other sites with more favorable hydrologic conditions.

The type of hydrologic information needed to support detailed design activitiesis afunction
of the dominant hydrology of wetlands (see Figure 2-9). Wetlands with a dominant or potentialy
dominant runoff component will require a careful analysis of the watershed and climatic condi-
tions that influence rainfall and runoff patterns. In most cases, storm frequency and duration
curves for the site will be necessary. Such curves can be developed from historical climate
records or may be available from alocal government agency. Historic streamflow records should
be examined if available. Where no data exist, a pre-design monitoring program for surface water
resources is recommended. A rainfall-runoff analysis for the existing site may be required to
determine the runoff generation characteristics for a particular storm event.

Detailed Hydrologic Site Analysis

INFLOW DOMINATED BY STREAM OR

TIDE UNDER NORMAL CONDITIONS INFLOW DOMINATED BY RUNOFF

UNDER NORMAL CONDITIONS

' ¢

DATA FOR SW
HYDRODYNAMIC WATERSHED ANALY SIS REQUIRED

ANALYSIS *

GATHER CLIMATOLOGICAL DATA

DOMINATED BY STREAM? *
+ DETERMINE WATERSHED CHARACTERISTICS
DATA FOR FLOOD *

ROUTING ANALYSIS
GATHER ADDITIONAL DATA FOR

RAINFALL/SNOWMELT/RUNOFF MODELS

e ——— ISGW INTERACTION SIGNIFICANT? =

|
YES

NO v

COLLECT GW DATA

v

ALL DATA FOR HYDROLOGIC ANALYSISOBTAINED

Figure 2-9. Data required to support various site analyses based upon site characteristics.
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Wetlands dominated by streamflow or tidal flow will likely require a careful analysis of
water flow patterns within the wetland itself to determine erosion potential and depositional
patterns. Additionally, wetlands with a significant streamflow must consider the flooding
potential from upstream flows and the impact of those floods on the wetland system.

Many design criteriafor wetland restoration and creation relate specifically to the abundance
and distribution of wetland surface flows. Such design criteriainclude the specification of the
depth and the duration of inundation events, the specification of a minimum flood wave
attenuation, or the specification of a maximum flushing period. Surface flows can be quantified
by means of stream gauges, aerial surveys, and hydrometric surveys. Nonetheless, sufficient data
are often not available to complete a thorough hydrologic analysis. A full year of stream gauge
records both upstream and downstream of the wetland site is desirable for pre-design analysis.
When such records are unavailable, several short-term hydrometric surveys must be conducted to
characterize the surface water system. Hydrometric surveys should include discharge
measurements at all inflow and outflow locations and an aerial survey of surface water resources
including basin bathymetry and water surface elevations. The distribution of surface water in
any wetland varies by season and by event. Therefore, a single hydrometric survey isinsufficient
to characterize the surface water resources of a proposed wetland site. Multiple surveys
spanning at least a 1-year period are recommended over an annual period.

A thorough analysis of the existing hydrologic conditions at the site is needed for the design
of flow control structures, water retaining structures, and other engineering works. A critical
decision regarding the boundaries of the hydrologic analysis must be made early in the site
investigation. Unfortunately, legal boundaries rarely coincide with the hydrol ogic boundaries of
the drainage unit to which the proposed wetland belongs. Meaningful data about the sources,
sinks, storage, and exchange of water are normally collected for the drainage unit or watershed as
awhole. Consequently, it may be necessary to extend the analysis beyond the legal boundaries.

Sources of Historic Hydrologic Data

Quantification of the water budget componentsis vital to any project involving water use or
water planning. Thus, historic records of these components are maintained by a variety of local,
state, and Federal agencies. Hydrologic records that are of value for wetland design include
precipitation, wind, temperature, streamflows, lake levels, and river stages. Streamflow data are
collected by various state and Federal agencies, including the USGS, Corps of Engineers, state
water resources agencies, irrigation districts, and municipalities. The USGS servesasa
clearinghouse for data from most of these sources, and the annual streamflow records for every
station are published by state in Surface Water Supply of the United States, a USGS Water
Supply Paper Series. Lake levels and river stages are often monitored by the Corps of Engineers
or the U. S. Bureau of Reclamation (USBR) in the vicinity of Federally maintained dams,
reservoirs, and levee systems. River stages are also monitored by state water resource agencies
and municipalities that maintain any type of flood control project. Tide gauges are operated by
the USGS, and by the National Oceanographic and Atmospheric Administration (NOAA) in
coastal aress.

The quantity of precipitation, itstemporal and spatial distribution can only be quantified by

means of precipitation gauges. Precipitation data are collected by the National Weather Service,
local weather bureaus, and state resource agencies. In most areas, these weather stations are
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nearby and maintain a substantial historical record of common climatological information such
as precipitation, evaporation, wind speed. Precipitation rates can vary drastically over short
distancesin some areas, and the available records may not be sufficiently accurate for some
projects. However, the long-term record at a regional station should be examined to determine
the seasonal variation of precipitation and garner an understanding of regional precipitation
patterns.

Collecting sufficiently accurate data to support design activities may require a precipitation
gauge to be placed onsite to capture site-specific conditions during critical periods. At least one
weather station should be set up at the site and operated for at least one year prior to
construction. Gauges should be read daily during the wet season and at least weekly throughout
the year. Additionally, winter snow surveys help determine the depth and water content of snow
in the watershed. When site-specific monitoring is not implemented, the project design must be
based upon regional rainfall data. The uncertainty of the analysis based on these data will be high
and can result in high construction and materials costs when they result in an over-designed
control structure or levee.

Sources of Historic Subsurface Flow Records

Networks of monitoring wells are maintained by certain local, state and Federal agencies for
special purposes. Irrigation districts often monitor aquifer levels to determine irrigation water
supplies. Municipalitiesthat rely on groundwater for domestic and industrial water supply also
monitor the local aquifer levels. The USGS and USBR maintain monitoring networks in some
regions for research purposes and for environmental impact assessment. Unfortunately, thereis
no central clearinghouse for groundwater data that encompasses all participating agencies. State
departments of water resources are a good source of information about the extent and availability
of existing groundwater data.
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2-5 Characterizing Existing
Vegetation and Site Conditions
for Vegetation Establishment’

For the successful establishment and management of wetland vegetation, baseline site
assessments will have to be developed. These assessments should include historic physical,
chemical, and biological investigations. The following discussion isintended to first help
interpret how baseline site conditions will affect vegetation regquirements necessary to meet
project restoration or establishment goals. Second, guidelines are given to help determine
whether the vegetation onsite is adequate to meet project objectives and if desirable natural
colonization islikely to occur.

Restoration versus Creation

Thefirst consideration for characterizing vegetation for a site assessment is dependent on
whether the siteisintended for wetland restoration or creation. Wetland creation means that a
wetland will be located where wetlands have not previously existed. There will be no existing
wetland vegetation onsite. Wetland vegetation will either colonize naturally from nearby
wetlands, or plants will have to be introduced into the site. Facultative populations found in the
adjacent uplands may also represent a propagule source. The site assessment should determine
the potential for natural colonization or the need for a planting or seeding program. Although no
existing wetland vegetation may be present, the existing vegetation can give clues asto
underlying soil textures and chemistry, and past land use practices.

Wetland restoration, however, often entails management of existing wetland vegetation or
the correction of past abuse. The desired vegetation may persist in the seedbank or as extant
plants. Often the desired species are present, but the areais now weed infested and/or the
architecture and structure of the community have been destroyed. The primary site assessment
objective of wetland restoration isto describe the types and distribution of existing vegetation to
determine whether, after correction of the abuse, the future vegetation devel opment will meet
project objectives. |f adequate vegetation does not exist, the potential for natural colonization or
the need for planting must be assessed.

1 By Mary M. Davis
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Table 2-8
Water Requirements for Various Vegetation Types

PLANT GROWTH FORM AVERAGE WATER

DEPTH (cm )

Submergents ( e.g., water celery, elodea, pondweeds) > 50
Floating leaves (e.g., water lily, spatterdock, lotus) 20-100
Herbaceous emergents (e.g., duck potato, bullrushes, maidencane) 0-50
Shrubs (e.g. , buttonbush, wax myrtle) 0-20
Trees (e.g., cypress, green ash, red maple) 0-50

Physical Conditions for Plant Growth

Whether a siteisintended for restoration or creation, the hydrology, soil, topography, and
surrounding land uses must be assessed for their effects on plant growth. Conditions on
restoration sites can often be directly assessed. If the restoration will entail arelatively minor
landscape modification, such as the re-establishment of a floodplain hydrology of a diverted
stream corridor, some existing site conditions may reflect conditions for plant growth. For
example, the soil texturesin afloodplain may not be significantly altered by the re-introduction
of flood waters. Plant growth conditions for wetland establishment sites, however, will have to
be estimated from existing conditions and planned devel opments.

Water

The growth and distribution of wetlands vegetation at a siteis dictated primarily by
hydrology. Water limits diffusion of oxygen to buried seeds and root zones, which restricts
germination and growth of most species. Wetland plants differ from upland terrestrial plants by
having various morphologic and physiol ogic mechanisms for tolerating inundation of their roots.
Different species tolerate longer periods of inundation than others. Y oung plants that are just
developing from seeds or plant fragments do not have the same flood tolerance as mature plants
of the same species. As such, young plants are more susceptible to loss viainundation. Too
much water, especially during the growing season, will stress plants and limit growth and
establishment. Outside the aguatics, complete inundation of most plant species, even wetland
species, can be lethal. Therefore, a determination should be made to establish that the potential
project site will have water at the appropriate depths, in the right places, at the right time of year
to support the plant species targeted for the project. Table 2-8 summarizes one aspect of water
requirements for various vegetation types

Hydrologic surveys should include estimates of water quantity and quality. The site's
hydrologic regime should have seasonal water-level fluctuations similar to local natural wetlands
to enable the placement of local wetland plant speciesin hydrologic conditions similar to where
they are found growing naturally. When water management requirements do not permit a natural
analog as a planning guide for species selection and placement, more general planting guidance
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must be used. Establishment success of trees, shrubs, and some emergentsis often increased if
water levels can be managed during the first one or two years to alow only short flooding
periods and limited periods of soil saturation.

Water quality is a second factor that determines wetland plant distributions. Site evaluations
of water quality usualy include analysis of nutrients, pH, salinity, alkalinity, and turbidity, as
well astoxins, where appropriate. The water chemistry parameters are important for defining
site-specific conditions for which tolerant plant species must be selected. Because most rooted
plants acquire their nutrients from the soil water, the chemistry of standing water is most
important when considering submergent aguatic plants or potential eutrophication problems.
Turbidity limits the depth of light penetration. Emergent plant species will grow in shallow
turbid water; however, deep turbid water must be treated in order to support submerged aguatic
vegetation. Section 2-4 addresses hydrologic site assessment.

Soils

Several soil factors impact wetland vegetation. Assessment of site conditions for vegetation
establishment and management must include a determination of whether or not the substrate will
provide a stable rooting medium to an adequate depth for the target plant species. Asdescribed
below, soil texture interacts with the hydrology and ground surface slope to determine the
drainage capacities of the site and the period of saturation. The soils must also provide adequate
nutrients for plant growth and maintenance. Excessively compacted soils, high bulk densities for
the texture, will restrict plant establishment.

Sail stability is dependent upon soil texture, surface slope, eroding forces such aswind and
water, and vegetation cover. Most of these factors affecting soil stability will be evaluated in
concurrent activities conducted during the site investigation. Type and extent of vegetation cover
should be characterized and management of existing vegetative cover should be included where
practicable, if stability islikely to be aproblem. Techniques for characterizing site vegetation
are described later in this section and in Mueller-Dombois and Ellenberg (1974), Pielou (1974),
and Bonham (1992).

Presence of adense layer in the soil profile, such asrock, clay, or mineral deposits, needs to
be closely examined because root penetration depths may be limited and drainage may be
blocked. Root penetration depths differ with plant species. Generally, most fine roots that
absorb nutrients occur in the top 30 cm of the soil. If an occluding layer is not within 30 cm of
the surface, rooting depth is not usually a problem for herbs and shrubs. However, trees will
require more rooting depth for increased stability against wind and currents. Limitation of
drainage may be desirable to help maintain wetland conditions. If, however, an occluding layer
is expected to create undesirable rooting conditions, either the layer needs to be broken up and
amended to allow root penetration or plantings changed to reflect the soil conditions.

Little guidance is available about what nutrient concentrations are desirable for wetland
vegetation. Soil analyses, particularly pH and cation exchange capacity (CEC), should be con-
ducted and compared with tolerance ranges of target plant species, if available. Available sail
nitrogen should also be characterized because nitrogen is the most common limiting nutrient for
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wetland plant growth. Some forms of nitrogen are highly soluble and rapidly lost from the site
through drainage and percolation. In addition, nitrogen is rapidly transformed into gases by
microorganisms and this nitrogen is largely lost to the atmosphere before being utilized by plants.
Section 2-3 addresses site assessment with respect to soils.

Topography

As discussed above, plant establishment and growth requires stable substrates for anchoring
root systems and preserving propagules, such as seeds and plant fragments. Slopeisaprimary
factor in determining substrate stability and should be adequately characterized during site
assessment. Establishment of plants directly on or below eroding slopes is not possible for most
species. In such instances, a site assessment would indicate that plant species capable of rapid
spread and anchoring soils should be selected or bioengineering techniques should be used to aid
the establishment of plant cover.

A thorough topographic assessment of the site is necessary because the ground surface slope
interacts with the site hydrology to determine water depths for specific areas within the site.
Depth and duration of inundation are principal factors in the zonation of wetland plant species.
For example, a given change in water levelswill expose arelatively small area on a steep slope
in comparison with amuch larger area exposed on a gradual or flat slope. Steep slopes often
result in narrow planting zones for species tolerant of specific hydrologic conditions, whereas
gradual slopes result in broader zones and enabl e the use of wider planting zones. In addition,
soils on steep slopes generally drain more rapidly than those on gradual slopes. Thus, soils
remain saturated longer on gradual slopes with falling water levels, and roots remain in anoxic
conditions even after aerial plant parts are exposed. If soils on gradual slopes are classified fine
textured, care will need to be taken that plant species to be selected for planting that are tolerant
of saturation for longer periods of time than would be determined from surface water levels
alone.

Site topography also affects maintenance of plant species diversity. Small irregularitiesin
the ground surface (e.g., hummocks, depressions, logs, etc.) are common in natural systems.
More species are found in wetlands with many microtopographic features than in wetlands
without such features. Raised sites are particularly important because they allow plants that
would otherwise die escape the physiological stress of prolonged inundation.

A second topographic feature that promotes increased species diversity in littoral wetlandsis
aconvoluted shoreline. Littoral drift along a straight shoreline carries seeds and plant fragments
along with sediments, with little opportunity for the propagules to be captured and become
established. Concave portions of shorelines trap sediments and propagules enable more
successful establishment and growth of more species. Consequently, the topographic assessment
of the site should be adequate to reveal both large and subtle changesin elevation at the site.
Section 2-2 addresses site assessment with respect to topography.
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A Decision Framework for Vegetation Assessments

The decision framework in Figure 2-10 isan aid in the initial assessment of onsite wetland
vegetation to determine 1) whether or not it is adequate to meet project objectives and, if not,
2) if natural colonization of desirable vegetation islikely to occur, and 3) if site modifications
will be necessary to enhance natural colonization and establishment processes. This framework
isuseful at several pointsin the wetland planning decision sequence: 1) during a site evaluation,
2) during development of design criteria, and 3) after the hydrologic and geotechnical features of
the wetland restoration or establishment project are designed to determine vegetation
requirements.

Theleve of detailed information required to effectively answer the questionsin the
vegetation requirements framework depends on the level of specificity in the project objectives.
When possible, project objectives should be clearly formulated prior to determining the
vegetation establishment requirements. Desired species composition, density, and areal
coverage, and time to meet objectives should be specified to answer questions in the decision
framework as accurately as possible.

The following sections discuss information relevant to questions in the vegetation
requirement decisions framework (Figure 2-10).

Do Desirable Plants Exist Onsite?

The objective of this question in the decision framework is to determine whether or not
adequate wetland vegetation currently exists onsite to meet project objectives. The answer will
not necessarily be asimple yes or no If awetland is being established where awetland has never
been before, there will probably not be desirable vegetation present. If desirable vegetationis
not present, then a determination will have to be made as to whether desirable vegetation will
naturally colonize or will have to be planted or seeded. Wetland restoration projects, however,
are likely to have relict wetland vegetation present. If awetland requires restoration, the
vegetative composition has probably been altered by any number of causes. Asa conseguence,
undesirable species may be present with the potential to dominate and overwhelm the desirable
species. Species richness may be low or the remnant vegetation may not have adequate areal
coverage. Even though desirable vegetation may be present, management strategies may be
required to enhance species richness or growth and meet project objectives. If management of
site conditions alone cannot restore the vegetation onsite, alternative sources of vegetation such
as colonization or planting may be required.

A basic approach to determining the plant species onsite is to catalog the areal coverage of
dominant species observed during a site visit. This cataloguing of species may be al that is
required for mature sites that have suffered only dlight or short-term impacts and where the
vegetation community islargely intact. Management may be required in these cases to remove
unnatural disturbances (e.g., cattle grazing) or restore natural conditions (e.g., hydrology or fire).
The objective of vegetation management in these restored wetlands may be the recovery of
biomass, reduction of invasive species, or regained physical structure.

A specieslist and cover of extant plants in more highly disturbed wetlands, however, will not
include a potentially vital component of the recovering vegetation: the seedbank. A more
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Figure 2-10. Decision process for onsite vegetation assessment.

involved approach to determining the plant species onsite is to determine the composition and
abundance of the seedbank (see Appendix E, Seedbank Study Methods). Once the plant species
onsite are identified to an acceptable level, then a determination must be made if a desirable
complement of speciesis present onsite.

Desirable Species

Determination of the desirability of plant species listed during the site visit and whether or
not this determination is performed, from the seedbank study, depends primarily on the project
objectives. Objectivesthat list specific target species allow a direct comparison of onsite
vegetation with the target species. In another instance, project vegetation objectives may specify
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asuite of species similar to areference wetland that is native to the area. In the latter case, the
species lists from the project site evaluation can be compared with alist of speciesin the native
community. Finally, project objectives may not provide target species, but may require the
presence of species that will perform specific functions, such as shoreline stabilization or
nutrient transformation.

The dominance of the species has to be considered in determining whether or not desirable
species are present. For example, a species list for a marsh can include over 50 species. Not all
of the species, however, can be specifically targeted in most wetland restoration or establishment
projects. While diversity is aworthy objective of awetland project, the strategy used in most
projectsisto ensure that the dominant plant species are established. The other species will
become established with time. Therefore, for both dominance and diversity where specieslists
are compared for project objectives and onsite vegetation, the species should first be ranked by
relative dominance or importance. Coverage and relative dominance of various wetland
vegetation species are shown in Table 2-9.

Calculation of Relative Dominance. Relative dominance can be estimated from areal
coverage, stem density, or seed density (if available), whichever seems to be the most appropriate
for the type of vegetation. Relative dominance using the percent cover of each speciesin a
fictional marsh (percent cover exceeds 100 percent due to overlapping of vegetation in layers) is
calculated in the following manner:

Foecies Coverage
Total Vegetative Coverage

Relative Dominance =

100 (2-3)

The species should be listed in order of decreasing relative dominance. Determination of the
dominant species requires a subjective cutoff point. Starting from the species with the highest
relative dominance, sum the relative dominance values until the 50 percent threshold valueis
reached. Those speciesincluded in this sum are the dominant species. In the above example,
Maiden cane and duck potato are the dominant speciesin the marsh. If the project objectives
specify more diversity, the next most dominant species could be considered.

Table 2-9
Coverage and Relative Dominance
for Several Important Wetlands Species
SPECIES % COVER RELATIVE DOMINANCE
Maiden cane 60 39
Duck potato 50 32
Knotweed 20 13
Cattail 20 13
Sundew 5 3
TOTAL 155 100
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Once the species lists are ranked, the dominant species can be compared between the
objectives and onsite vegetation. All of the target species do not necessarily have to occur in the
onsite vegetation. The similarity of the species list can be determined somewhat subjectively by
the percent of speciesin common, which is an adequate method for most cases. If severa
aternative sites are being evaluated as potential project sites, however, a more quantitative
method may aid comparisons with the target specieslist. Similarity indices are commonly used
to quantify the degree of commonality among different specieslists. Several similarity indices
are commonly used and can be found in texts about ecological methods (e.g., Mueller-Dombois
and Ellenberg 1974, Pielou 1974). Siteswith high similarity indicesto the reference site can be
prioritized for site selection based on existing vegetation.

The project biologists must determine whether or not the dominant vegetation will meet the
project objectives. If target species do not occur onsite, the next step is to determine whether a
natural source of plant propagules of the target speciesis available for natural colonization. If
the onsite vegetation provides adequate desirable species, then a determination must be made as
to whether or not they exist in adequate amounts, and whether there are potential nuisance plants
present.

Nuisance Plant Species

Nuisance plants are invasive, prolific, fast-growing, and often exotic species that are capable
of rapidly colonizing and dominating the vegetation on a site. They usually are not able to
become established in areas with healthy intact vegetation. For plants to become established,
there must be aphysical place for seedlings to become established and resources available for the
continued growth and development of the new plants. Native vegetation that iswell established
can out-compete the invasive species. Nuisance plants may exist in low numbers or cover in the
midst of established vegetation, but they become a problem as they spread. Often nuisance
plants become dominant where vegetation has been atered by disturbances that expose bare soil
(e.g., agriculture, erosion), altered nutrient inputs (e.g., agricultural runoff), or in altered
wetlands hydrology (e.g., drainage, long periods of inundation). Once established, nuisance
plant species can extend to nearly 100 percent cover of a site and reduce the natural diversity of
the vegetation. Established nuisance species are typically very difficult to eradicate.

Several common wetland plant species are nuisance plants. Cattail isavery common
wetland plant in many parts of the country that has traits common with many nuisance species.
Cattails produce a tremendous amount of light-weight seeds that are carried by wind and water.
They are deposited over awide area surrounding the parent plants, but are most successful at
becoming established on recently disturbed sites with bare soils. Wet roadside embankments and
ditches are often rapidly invaded by cattail following soil exposure. For example, cattail are
invading the sawgrass marshes of the Everglades in Florida from roadsides and dikes where they
were able to become established. Exposure of soils during wetland project construction makes
these areas susceptible to invasive species. Reinartz and Warne (1993) reported colonization of a
newly created wetland in southeastern Wisconsin within the first year, increasing to 55-percent
coverage in the three years following construction. Cattail plants are capable of rapidly
expanding the area of coverage with rhizomes, even while inundated. Eradication methods must
remove or kill as much of the whole plant as possible, including rhizomes and seedbank. Plant
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fragments or seeds that remain on a disturbed site are capable of recolonization, and eradication
efforts will have been wasted.

If nuisance species are identified in the onsite vegetation and seedbanks, it is advisable to
incorporate a management technique to control the undesirable vegetation prior to further
vegetation management. V egetation management techniques target different life history stages
of the plants. If seeds of undesirable species are present in appreciable densities, management
techniques should target seedling emergence. For example, asite can be lightly harrowed after
seeds have been alowed to germinate to strip the seedlings from the soil. Multiple harrow
treatments will deplete the seedbank and reduce the potential of nuisance speciesinvasion from
the seedbank, but do not turn the soil or you will expose additional seedbank. Alternatively, if
seeds are intolerant of inundation, the site can be temporarily flooded until the seeds rot and
viability islost. Pre-emergent herbicides that are approved for aquatic systems can be applied to
eliminate seedlings as they emerge. Vegetation management techniques can also target plant
growth. Mowing and fire reduce plant biomass of existing nuisance plants. One of these
treatments may be necessary to allow more desirable species to grow and become dominant.
More extensive techniques are, however, usually required to control existing vegetation.
Preferred vegetation management methods have as little impact on the desirable vegetation as
practicable to minimize the need to plant the site later.

Additional information on common nuisance plants in wetlands and control methodsis
provided in Chapter 7-5.

Adequate composition, density, and cover of desirable species

Wetland restoration and establishment project objectives should include an indication of
desired vegetation, preferably a species list, and the density or percent of desired areal coverage
within a specified time frame for the project to be considered successful. At this point in the
project planning decision framework (Figure 2-10), a decision must be made as to whether or not
adequate vegetation already exists onsite, if inadequate coverage of the desired vegetation will
increase to adequate coverage within the project time frame, or if further management may be
required.

The first aspect to consider is whether the composition of desired species that already exists
on the site and in the seedbank (if a seedbank study was conducted) is adequate. If an adequate
species complement is not already present, possibilities of natural colonization should be
investigated, and barring colonization, selected species may have to be planted or seeded. If the
species complement is adequate, potential coverage needs to be considered.

The potential for existing plants and seeds to grow and increase their coverage on the project
site depends on several factors. Thefirst is whether the designed conditions are optimal or
marginal for plant growth. Rates of spread of healthy plant material can be estimated from the
rate of spread of stock planted in optimal conditions. If hydrology, nutrients, competition, and
herbivory are not limiting to plant growth, wetland projects for rhizomatous grasses, other herbs,
and some shrubs planted to less than 5 percent coverage should reach 100 percent cover in less
than 3 years, by spreading vegetatively. Non-rhizomatous species such as tufted grass and
grasslike species planted as sprigs, however, spread more slowly. The radius of the tuft increases
slowly as new culms are produced. In the case of single stem plants, like trees, growth isin
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height and crown radius. If, for example, 50 percent cover of atree speciesis required within 10
years, to estimate whether adequate tree cover will be attained one needs to estimate 1) the
canopy arearequired at the end of the project, 2) the density of trees onsite that are likely to
survive at the end of the project time period, and 3) the likelihood that the trees will attain the
required size. Assume the required tree coverage in the present example equals 5,000 m? (one
half hectare) by year 10. If 110 trees/ha are onsite and 100 are expected to live 10 years, then the
trees must average 50 m? cover at that time. Thisis acrown radius of 4 m (about 13 ft). The
project biologist would have to estimate whether this coverage would be easily attained by the
existing trees or whether additional trees should be established to ensure project objectives are
met.

The second factor affecting potential growth of the plants onsite is their present state of
health. Inspection of the plants should indicate whether they are capable of growth under present
conditions. If the plantslook weak (i.e., yellow or sparse leaves), severely damaged (i.e.,
excessive loss of leaves, branches, or roots), or suppressed (i.e., no indication of recent growth),
thereislittle likelihood that the existing plants will recover and grow without some management
intervention. Poor growth may reflect of poor site conditions. Onsite analyses should be made
to determine the factors limiting growth of existing vegetation. Management such as exclusion
of grazers, addition of fertilizer and/or pH amendments, erosion control, and altered hydrology
are among the possible techniques (Fredrickson and Taylor 1982) that can be used to improve
plant growth conditions on the wetland restoration or establishment project site.

Assessing the development of vegetative cover from seeds is more difficult and results are
variable. For some wetland systems, reasonabl e agreement has been found between the species
and numbers of plants that emerged from seedbank studies in greenhouses and from the
respective natural sites (Leck 1989). Although many site factors such as erosion, inundation, and
drying will affect emergence, results of the seedbank study can be used with caution to estimate
the amount of vegetation that will emerge on the project site. Effects of the site-specific
conditions on seed germination and seedling growth of the species of interest must be carefully
evaluated.

Colonization from Natural Sources of Seeds and Plant Propagules

If inadequate species and/or cover of desirable plants exist on the wetland restoration or
establishment project site, natural colonization of the site by vegetation from nearby sources may
be a viable method to vegetate the project site. The objective of this point in the planning
decision framework (Figure 2-10) isto 1) determine whether sources of desirable vegetation
capable of colonization are available, 2) identify barriersto migration, and 3) determineif site
conditions are adequate for germination and establishment of colonizing species.

At aminimum, the following information will be required to assess the potential for natural
colonization at a project site:
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» Atleast one site visit will be required during a period of the year when onsite and
surrounding vegetation can be identified to species. Plant species identification should
aways be made by a qualified expert familiar with local flora.

» The dispersal mechanisms and specific germination requirements of the desired
species need to be determined. Germination requirements can be determined to different
degrees of certainty using one of the methods discussed in the next section.

« Distance to seed/propagul e sources and presence of barriers to dispersal should be
assessed with maps, onsite evaluations, and, if water dispersal is necessary, hydrological
records or evidence.

« Suitability of site conditions for germination and establishment of seeds and vegetative
propagul es can be determined from a comparison of potential colonizing species
requirements and tolerances with site hydrology, soil conditions, and vegetation.

Are Natural Sources of Desirable Vegetation Available?

Natural colonization of wetland restoration and establishment projects can be a highly
successful method of revegetation if sources of seeds and plant propagules are nearby. Reinartz
and Warne (1993) reported finding 142 species of vascular plantsin naturally colonized created
marshes of southeastern Wisconsin. They found that the diversity and richness of native wetland
plants and the proportion of total plant cover that was comprised of native marsh plant species
increased from 1-year to 3-year old wetlands. The diversity and richness of native wetland
species increased with proximity to the nearest native marsh, with a marked decrease in species
richness beyond 700 m to the nearest marsh.

Seeds of many woody species, however, have much shorter dispersal distances. Brown et al.
(1992) evaluated aforested floodplain wetland as a source of windblown, bird-dispersed, and
water-dispersed seeds to adjacent mined wetland areas. Windblown seeds decreased in densities
as distance from forest edge increased. Densities ranged from 125/m? to 380/m? within the
forest, 50/m? to 120/m? at the forest edge, and decreased exponentially as distance from the forest
edge increased. Bird-dispersed seed densities at the base of constructed perches and tree “snags’
ranged from 100/m? to more than 300/m?, but decreased rapidly beyond several meters from the
perch. Water-dispersed seeds trapped in a creek flowing out of the mined area ranged from O/day
to 200/day, whereas dispersal rates downstream of the forest floodplain ranged from 200/day to
5000/day. Water dispersal of seeds, however, is highly dependent on distance to seed source as
well as hydrology. Extensive tracts of agricultural land in the Mississippi aluvial valey are
being restored to bottomland hardwood forest. Planting efforts have concentrated on heavy-
seeded tree species with the assumption that lighter seeded species would be blown onsite by the
wind or carried in by water. Natural colonization by additional tree species has been
disappointingly low, due in large part to the great distance to natural seed sources and competing
vegetation.

Colonization of wetland vegetation from plant fragmentsis more limited than colonization
from seeds, but can be an important form of colonization in some cases. Stem and root
fragments of aquatic vegetation are capable of becoming established upon deposition. Hydrillais
amajor aquatic nuisance species that is spread from stem fragments carried from one water body

Section 2-5 Characterizing Existing Vegetation and Site Conditions for Vegetation Establishment Page 2-63



Wetlands Engineering Handbook March 2000

to another on boat propellers. Whole plants of wildcelery (Vallisneria americana) and sago
pondweed (Potamogeton pectinatus) are ripped up by feeding migratory waterfow! in the upper
Mississippi River. These fragments can settle and become established in shallow areas with low
energy and adequate light penetration. Geese feed on two sterile species common in saltmarshes
throughout the Arctic, Puccinellia phryganodes and Carex subspathacea, and in the process tear
up thousands of plant fragments that are carried to new areas by water currents. Soft sediments
that are exposed by the feeding geese are recolonized by these plant fragments (Chou et al.
1982). Although it is not commonly noted in the restoration literature, algae and bryophytes are
also capable of colonizing new sites vegetatively.

Results of the studies described above indicate that sources of seeds of wetland species must
be relatively close to the project site for dispersal of a diversity of speciesin adegquate quantities
to vegetate asite. The decision of whether adequate natural sources of seeds or vegetative
propagules are available depends on the type of desired plants. For example, marshes containing
desirable species that occur within 500-700 m (0.3-0.5 miles) of the project site are likely to be
good seed sources of herbaceous plants, assuming the presence of dispersal vectors. Seed
densities of wind-blown or animal dispersed tree species decline rapidly with distance from the
forest edge. Wind-blown tree seeds will be carried only a couple of hundred meters. Densities
of bird-dispersed seeds can be increased in localized areas with the provision of perches.
Perches can be old remaining trees, shrub piles, “planted” snags, or any other structure that birds
will land on. Water-dispersed seeds can be carried great distances, presumably for miles before
they lose their buoyancy and sink. Sources of vegetative propagules and water-dispersed seeds
must originate upstream of the project site.

Barriers to Colonization

For natural colonization to occur, propagules (e.g., seeds, rhizomes, stolons) must be present
at the site or must be able to disperse to the site. There are four primary agents of dispersal for
wetland plants: wind, water, animals, or man. Propagules have numerous morphological
adaptations that make them amenable to the various types of dispersal. Many of the common
invader species that rapidly occupy asite are carried by wind (e.g., Typha and Phragmites).
Currents, winds, and animal dispersal can account for some short range dispersal in riverine and
fringe wetlands (Kadlec and Wentz 1974). A brief description of how each of the factors or
conditions limit natural revegetation of asiteis provided in the following sections.

Topography: Steep slopes may hinder the colonization of an area by alarge number of
species. The steep slopes increase runoff and may cause any seeds that have been dispersed to
the site to wash off the opes. A sudden and sharp increase in elevation between the site and its
surroundings can present aphysical barrier to dispersal of propagules to the site, particularly for
those species that rely on wind dispersal. In riparian systems, floods occasionally carry seeds
across land barriers (Kadlec and Wentz 1974).

Currents and wave energy: Colonization in riparian and fringe wetlands may be hindered by
currents and waves that disrupt the establishment of seedlings and other propagules. Seeds and
vegetative propagules must have stable sediments as roots devel op to anchor the plant. Sources
of energy that move soils or physically damage the plants will limit colonization.
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Dispersal rates: On bare sites, such as sandbars, willow (Salix spp.) and aspens or
cottonwoods (Populus spp.) frequently appear very rapidly because their wind disseminated
seeds reach new sites quickly. Assuming the dispersal vectors are present, marsh and aquatic
plants invade most hew environments within afew growing seasons because their means of
dispersal are remarkably efficient (Kadlec and Wentz 1974).

Competition from existing vegetation: Competition from existing indigenous and aggressive
undesirable species affects migration, growth, and survival of propagules that may potentially
colonize asite. The existing vegetation physically limits delivery of seeds to a site, contact of
the seeds with soil, and access of the developing new vegetation to light, water, and nutrients.
Natural colonization may be an ineffective or undesirable method for establishing vegetation at a
site when one or afew aggressive species are present and can exclude al others. (Southern Tier
Consulting 1987).

Soil condition: Disturbancesin soils at a site may significantly alter the soil condition at the
site and prevent the colonization of original assemblages of species on the site or of species from
surrounding areas. For example, if an area has been clear cut and has potentially been subject to
a high amount of rainfall, leaching of soil nutrients may have occurred if the site has been left in
adisturbed condition. If an area has been degraded by off-road vehicle use, changesin soil
conditions, particularly compaction, may preclude the colonization of desirable species at the
site. See discussion above for other considerations of soil as alimiting factor.

Modified hydrology: A wetland site whose hydrology has been modified may require a
review of the degree of hydrologic change prior to selecting natural colonization as the method of
establishment. For example, asite that once supported an assemblage of forested wetland
species that were tied to annual cycles of flooding and inundation throughout the growing season
may not be able to support this same assemblage of speciesif the site timing, frequency,
duration, and depth of inundation are greatly reduced at the site. A change in timing, frequency,
duration, and depth of inundation can affect the survival of speciesin the seed bank. The ability
of the speciesin the seed bank or propagul es dispersed from adjacent locations to become
established at a site will depend on the tolerances of the individual speciesto the new hydrologic
regime and water budget.

Time: Natural colonization may require several years before the desired assemblage of
species and cover is achieved. While many species may be established on a site without direct
human intervention, the time required to achieve the desired assemblage at the desired coverages
can be quite prolonged, especially sites where the natural conditions of the site have been
disturbed, modified, or regraded.

Ecotypes. Ecotypes are genetically different individuals of a speciesthat are adapted to a
specific set of local or regional environmental conditions. Because ecotypes have devel oped
adaptations to a specific set of environmental conditions, they often will not grow well under a
different set of environmental conditions. Colonization in wet conditions of ecotypes that are
adapted to upland conditions can result in high mortality of propagules. Examples of wetland
species that may have different ecotypes within the same area, such as within awatershed, are
green ash (Fraxinus pennsylvanica), black gum (Nyssa sylvatica), and red maple (Acer rubrum).
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Summary of Potential Site-Specific Conditions
Limiting Wetland Vegetation

The following items can serve as a checklist for assessments of potential wetland project
sites based on wetland vegetation.

1) Determine the physical limitations for dispersal of propagules onto the site and the
establishment of plants on the site.

a)

b)

<)
d)

€)

f)
9)
h)

What are the slope and soil characteristics of the site?

Does the site have the potential for having poor drainage characteristics, i.e., for being
either well drained or permanently flooded or inundated?

What is the orientation of the slope with respect to the wind and the sun?

Will this orientation have an effect on the potential success of establishment of natural
vegetation?

Are there any physical barriersto the natural dispersal of propagulesto the site and if so
what are these barriers?

Can these barriers be removed easily and still meet the planned project goals?
Are the soil conditions and characteristics adequate for the revegetation by local species?

What is the soil condition including fertility and potential for productivity?

2) Evauate the climatic limitations of the site. In which season will the site be ready for
vegetation to be established?

3) Determine the biological limitations to natural revegetation.

a)

b)

<)
d)

€)

f)

9)
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Is there an abundance of nuisance animals in the surrounding communities that often
feed on seeds and young seedlings?

What are the dispersal mechanisms of the native vegetation in the area?
Is there a natural wetland complex near the site to provide a source of propagules?
Are there sufficient numbers of desirable species at the site or adjacent to the site?

How far away are the nearest sources of natural propagules and are the propagules likely
to be dispersed to the site?

What is the composition of the seed rain will reach the interior of the site?

Is the seed bank areliable source of a sufficient number of species?
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h) Arethe sources of propagulesin good, healthy condition, stress-free, free of deleterious
insect damage and signs of disease?

i) Arethere any undesirable species at the site or near the site?

i) Arethere any desirable species remaining on the site or adjacent to the site and what is
the areal extent of the species?

4) Evaluate the site history and compare with current site conditions.
a) Hydrology - Has the natural hydrology of the site been significantly altered so that local
species or species indigenous to the areawould be precluded from the normal course of

revegetation because the species and the site conditions are no longer compatible?

b) Soils- Havethe soil characteristics of the site been significantly atered so that natural
revegetation will be difficult without some site preparation or manipul ation?

5) Identify any of the above problems that cannot be overcome.

6) Finaly, determineif the site condition is compatible with the planned project goal if the site
is not planted with transplants.
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3-1 Conceptual Design Criteria
for Wetlands®

Many wetland restoration and establishment projects will have a preselected site or at least a
designated area in which awetland will be created or restored. The project design must
incorporate the available resources, minimize radical re-engineering of the site, and fit within the
confinements and constraints of the defined location. Despite these restrictions, various choices
for the actual location of the wetland usually exist within the identified area. For other projects
where sites or areas have not been specifically identified, site selection will be a significant part
of the project. In most cases, site selection will be limited to arestricted locality, such asa
particular watershed or specific land-use type. In either case, multiple design configurations and
usually more than one prospective construction site should be considered. Figure 3-1 presents a
logical process for site selection that appliesto virtually any situation.

One of the most important considerations of site selection and evaluation is the amount of
energy of natural processes (both potential and kinetic) acting on the site. Site energy is usually
visible in the amount of erosion, transport, deposition, and other natural processes acting on the
site. The energy inherent to the location should be a key factor of consideration during both site
selection and the development of project concepts. If the wetland engineering concepts are not
compatible with the local energy of the systems acting at the site, high energy (storms, floods,
etc;) events are likely to destroy or redirect the project. The higher the site energy, the more
unpredictable it becomes to achieve the goals of the wetland project. Consequently, high energy
locations should be avoided whenever possible. At best, periodic maintenance will be required
for thelife of the project.

Section 2 described procedures for gathering site information to support an initial site
screening, conducting baseline site surveys of target sites, and conducting a detailed site
assessment of the final project site. Additional guidance on the kinds of geotechnical and
hydrological information required for wetland projectsis provided in the Framework for Wetland
Systems Management: Earth Resour ces Per spective (Warne and Smith 1995). A thorough
understanding of site conditions is hecessary to accurately define design criteria and to develop
conceptual designs. While this section focuses primarily on those projects for which site
selection is amajor component, most of the discussion applies equally to other projects targeted
for a specific location.

1 By Donald F. Hayes and Mary M. Davis

Chapter 3-1 Conceptual Design Criteria for Wetlands Page 3-1



Wetlands Engineering Handbook March 2000

| TARGET PROJECT SITES

Y

DETERMINE HYDROGEOMORPHIC
SETTING FOR TARGET SITES

Y

IDENTIFY COMPATIBLE WETLAND
FUNCTIONS FOR TARGET SITES

Y

IDENTIFY APPLICABLE DESIGN
CRITERIA FOR SETTING AND
WETLAND FUNCTIONS

ARE SETTING AND CORRESPONDING NO ELIMINATE SITE
FUNCTIONS COMPATIBLE WITH > FROM FURTHER
PROJECT OBJECTIVES? CONSIDERATION
I
YES

DEVELOP CONCEPTUAL DESIGNS FOR SITES
REMAINING UNDER CONSIDERATION

Y

EVALUATE CONCEPTUAL DESIGNS
AND SELECT PROJECT SITES

Y

PROCEED WITH DETAILED DESIGN
FOR PROJECT SITE

Figure 3-1. Decision flowchart for site selection and conceptual design devel opment.

The remainder of this section discusses the key issues associated with wetland design.
Chapter 3-2 presents the eleven accepted functions that wetlands may perform. These functions
are essentialy the goals of wetland restoration and establishment. In Chapter 3-3, the various
types of wetlands, as classified by the “Hydrogeomorphic” procedure (Brinson 1993) are
described. Conceptual hydrologic and geotechnical design criteria are presented in Chapters 3-4
and 3-5, respectively. Finally, in Chapter 3.6, a stepwise procedure for devel oping conceptual
and specific designs for wetlands restoration and creation projects is outlined.
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Table 3-1
List of Wetland Functions Which Are Commonly Goals of Enhancement and

Mitigation Programs

Function Categories Wetland Functions

Groundwater Recharge (GWR)

Groundwater Discharge (GWD)

Hydrologic
Floodflow Alteration (FFA)

Shoreline Stabilization (SS)

Sediment/Toxicant Retention (S/TR)

Water Quality
Nutrient Removal/Transformation (NR/T)

Production Export (PE)

Life Support Aquatic Diversity/Abundance (AD/A)

Wildlife Diversity/Abundance (WD/A)

Designing for Wetland Functions

Wetland functions are the positive contributions to the ecosystem that result from natural
physical, chemical, and biological processes which occur either within the wetland system or
result from the presence of the wetland system. Three general categories of wetland functions
are presented in Table 3-1: hydrologic, water quality, and life support. Hydrologic functions
include the reduction of peak discharges, increased groundwater recharge, and stabilized
shorelines. The removal and transformation of water constituents such as nutrients, organic
compounds, metals, and suspended sediment result from a complex combination of physical,
chemical, and biological processes within the wetland. These removal and transformation
processes are referred to as water quality functions. Wetlands also provide habitat for fish and
fauna- the life support function of wetlands.

Most wetland projects are designed to provide a set of functions that support and enhance the
local ecosystem. In general, the more functions awetland can provide, the greater the potential
benefit derived from the wetland. Wetland functions are not always separable. The same
characteristics or criteriathat provide one function may also support one or more additional
functions. Additionally, not all functions are compatible and some functions cannot logically
coexist within the same wetland system or within the same wetland at the sametime. Table 3-2
summarizes the compatibility of specific wetland functions.

Since functions are the fundamental basis through which wetlands provide ecosystem
benefits, it isimportant that project goals be trandated carefully into a set of wetland functions.
Thisis not always a straightforward process; it may well require tradeoffs between primary
proj ect objectives and secondary objectives.
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Table 3-2
Interactions of Wetland Functions in the Same Wetland (* = compatible,
X = probable conflict, 0 = no significant interaction is known)*

Interaction with
Function GWR GWD FFA SS S/ITR NR/T PE AD/A WD/A

GWR 0 * 0 X * 0 0 0
GWD 0 X X X 0 * * *
FFA * X * * * * 0 0
SS 0 X * * * 0 X X
S/TR 0 0 * * * 0 X X
NR/T * 0 * * * X 0 0
PE X * 0 0 0 0 * 0
AD/A X * * 0 0 0 0 *

WD/A X * * * 0 0 0 0

Modified from Adamus et al. (1991)

Wetland Classification

Environmental conditions such as meteorology, hydrology, geology, morphology, and
topography vary dramatically within the U.S. Certainly, coastal wetlands are dramatically
different from prairie potholesin the great plains; both are also greatly different from bottomland
hardwood wetlands. The challenge here is to describe design procedures that apply to all of
these wetland types, yet recognize the variation in design requirements between these vastly
different wetlands.

A number of wetland classification schemes exist and each has its advantages. However, the
HGM method developed by Brinson (1993) is becoming the standard. This procedure classifies
wetlands by geomorphic setting, water source, and hydrodynamics. Brinson identifies five
hydrogeomorphic (HGM) wetland classes: riverine, fringe, depressional, slope, and extensive
peatlands. This classification recognizes that the interrel ationship between hydrology,
geomorphology, and climate dictates the degree of wetland functions that are distinctive to
geographic or physiographic regions. The hydrogeomorphic (HGM) approach is flexible enough
to alow for the identification of all wetland subclasses within aregion based upon factors such
as water source, soils, and vegetation. Table 3-3 provides a breakdown of wetland
classifications, including subclasses along with descriptions of important features of each
subclass.
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Simply classifying wetlands, however, does not support the purposes of this handbook. The
purpose of this handbook is to facilitate the development of restoration or creation designs for
specific sites. Determining the classification of the wetland that is the focus of the design project
isan important first step in the design process. Understanding the characteristics commonly
found among similar wetland typesin the same hydrogeomorphic setting is crucial. Design
criteria should reflect and mimic these traits if a successful wetland project is to be constructed.

Types of Design Criteria

Useful conceptua designs require solid information upon which to base potentia site
modifications. In addition to existing site conditions, the actual design criteriawhich areto be
achieved should be clearly understood. The term “design criterid’ refers to quantitative measures
of wetland components that provide the desired wetland functions. The purpose of this section is
to describe the types of design criteria and how they relate to the design process.

Design criteriarelate directly to the wetland characteristics necessary to provide specific
functions. They can be divided into four categories - biologic, hydrologic, geotechnical, and
engineering design - although there is considerabl e overlap between categories and related
wetland functions. For convenience, the criteria may be characterized based upon their primary
influence on the wetland system. Although brief discussions of these criteria are provided in this
section, readers should consult other documents for a more extensive discussion of this subject.

Biologic Criteria

Biologic design criteriainclude design requirements related to the biological aspects of
wetlands systems. While these include design requirements for wildlife usage and fish spawning,
the dominant focus is on the achievement of specific wetland vegetation communities considered
optimum or at least desirable for achieving specific wetland functions. The focus on vegetation
reflects the general premise that once the desired vegetative communities are achieved, many of
the faunal characteristics will develop naturally, or at least be encouraged by wetland conditions.

V egetation plays an important role in many aspects of the wetland ecosystem and is usually
the most visible characteristic. Design requirements for submerged and emergent wetland
vegetation include such aspects as water depths, inundation frequency, nutrient requirements,
and shoreline slopes.

Unlike hydrologic and geotechnical design criteria, biologic design criteria are not discussed
in detail in this section. Biologic criteria, especially vegetation, are best determined locally on a
proj ect-by-project basis. Fortunately, many documents and guidelines for plant selection for
various usesin the United States, including wetlands establishment and restoration, already exist.
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Hydrologic Criteria

Wetland hydrology is fundamental to most wetland functions and is the lifeline of every
wetland system. Unless the wetland hydrology is correct, awetland will not exist at the site. In
many cases where wetland restoration is desired, the wetland degradation resulted from a change
in the hydrologic conditions. In some cases, dramatic changes resulted in arapid decay of the
wetland; in other cases, minor changes over a period of years eventually took their toll on the
wetland system.

Considering the integral role of hydrology in awetland system, the list of hydrologic design
parametersis rather short. For convenience, hydraulic and hydrologic processes have been
combined into the same hydrologic criteria category. The following nine fundamenta hydrologic
design criteria are discussed in Chapter 3-4:

a. hydrologic setting

b. flooding duration and timing
flooding depth
flow velocities
flow resistance

hydraulic retention time (HRT)

-~ 0o o 0

storage capacity

5 Q@

surface area
wind fetch

Geotechnical Criteria

Geotechnical considerations heavily influence site location, design, and construction as well
as the hydrology and biology of the system. The integration of awetland project into the local
landscape depends largely upon the composition, arrangement, and movement of Earth materials
during site construction.

Seven specific geotechnical design criteria are identified including geologic setting,

geomorphic setting, wetland form and size, soil composition and texture, hydrogeol ogic
processes, geomorphic processes, and geomorphic trends.
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3-2 Wetland Functions?

Introduction

Wetland functions are the physical, chemical, and biological processes or attributes of
wetlands. Functions, which are derived from the interaction of a particular set of geomorphic
processes acting within arange of environmental conditions, are vital to the maintenance and
enhancement of wetlands as well as the surrounding landscape ecosystems. Three categories of
wetland functions can be distinguished: hydrologic, water quality, and life support (Table 3-1).
Hydrologic functions include the capacity of wetlands to reduce and desynchronize peak flood
discharge, influence baseflow, modify groundwater-surface water interactions, and stabilize
shorelines (Preston and Bedford 1988). Water quality functions include the capacity of wetlands
to remove or transform excess nutrients, organic compounds, trace metals, sediment, and other
chemicals from water as it moves through the wetland system. Life support functions include the
capacity of wetlands to furnish habitat and nutritional requirements to faunathat normally use
wetlands.

In this chapter, functions that are commonly goals of wetland restoration and mitigation
programs are briefly described (Table 3-1). Processes controlling different functions,
particularly hydrologic processes, may be interrelated but are not necessarily compatible. Hence,
a particular function may enhance certain other functions, but inhibit others (Table 3-2).
Considerations of interaction among functions serve to highlight that no one geomorphic setting
or wetland type will provide al functions.

Groundwater recharge and discharge, although essential components to most wetland water
budgets, are not functions that are primary goals in wetland mitigation and restoration projects.
Groundwater recharge and discharge, however, are critical to the other wetland functions, and
therefore they are briefly reviewed. Recreation and unigueness/heritage are two other commonly
recognized wetland functions. They are not discussed in this handbook because there are no
general design criteria applicable to these functions; they are enhancement and mitigation goals
which reguire site-specific considerations (Marble 1992).

Groundwater Recharge and Discharge

Groundwater recharge is the primary process in the hydrologic cycle for the movement of
water downward from the surface to the subsurface. Porous underlying substrates allow water to
pass to the groundwater system. Because wetlands are characterized by being shallow water

1 By Lawson M. Smith and Sandy Pizalotto
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bodies with relatively impermeabl e substrates in which water residence times are of sufficient
duration to induce anaerobic conditions, wetlands are unlikely to significantly contribute to
recharge of major aquifers, lakes, and rivers. Groundwater recharge, however, can be critical in
controlling wetland water chemistry and residence times (the average time water remains in the
wetland system). Groundwater recharge is especially important in wetlands with constricted or
no surface outlet because the only other water outflow path is evapotranspiration (ET), which
tends to concentrate dissolved solids. Groundwater recharge may be an important flushing
mechanism for removal of salts and a source of dry season soil moisture during the dry season,
especialy in areas where evaporation exceeds ET.

Groundwater discharge is the primary process in the hydrologic cycle for the movement of
water from the subsurface to the surface. This processis commonly referred to as base flow.
Although groundwater discharge may only be a small portion of awetland's overall water budget,
discharge of nutrient-rich groundwater may be crucial to wetland water chemistry and thereby
influence other wetland functions (Table 3-2). Moreover, groundwater discharge may be avital
water source during droughts. Excessive groundwater discharge, however, reduces residence
times and inhibits anaerobiosis.

The movement of groundwater to or from awetland depends primarily upon elevation of the
wetland water surface relative to the water table (elevation head), the mass and pressure of the
wetland water body relative to the surrounding groundwater system (pressure head), and physical
characteristics and frictional resistance of. soils, sediments, and rocks underlying the wetland
(hydraulic conductivity). Seepage into and out of wetlands tends to be concentrated in the near-
shore areas (McBride and Pfannkuch 1975; Lee 1977). Groundwater recharge occurs where the
wetland water surface is perched above the surrounding water table. Groundwater dischargeis
commonly induced by ET from the wetlands especially during the growing season. Both
groundwater recharge and discharge are possible if the water table intersects the wetland water
surface. Although wetlands that provide groundwater recharge and discharge simultaneously
have been documented (Winter and Woo 1990), they are generally mutually exclusive
(Adamus et a. 1991; Marble 1992). Fundamental hydrogeologic investigations are critical in the
site-selection phase and are essential to achieving groundwater recharge or dischargein a
wetland because of limits on the capacity to alter basic hydrogeol ogic conditions of sites.

Flood Flow Alteration

Temporary storage of peak flow from runoff, channel flow, groundwater discharge (base
flow), and precipitation in shallow depressions within a watershed delays downslope movement
of potentially damaging flood waters. The stored water gradually contributes flow to streams
and characteristically resultsin a broad but lower magnitude peak flow downstream. Landscapes
contain awide variety of shallow depressions, and all have the potential to temporarily store
flood water and thereby play a positive role in flood control. Many of these depressions contain
wetlands which, if not saturated, can contribute to flood flow alteration through temporary
storage of overland and small stream flow.
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The capacity of wetlands to significantly alter flood flow has been questioned, particularly
because many wetlands are saturated (Adamus et al. 1991). Effectiveness of this function varies
regionally and seasonally. Mast agree that few wetlands are capable of significantly altering
flood flows from severe (50- to 100-year) floods, which cause most property damage (Adamus et
al. 1991).

Principal landscape factors which provide the opportunity for flood flow alteration include
frequent storms, pronounced flood season, high proportion of impervious surfaces and
impermeabl e soils, location in the upper portion of the watershed upstream of areas to be
protected against flooding, and presence of numerous other depressions and wetlands in the
watershed (Ogawa and Male 1986). Specific wetland features which promote this function
include: constricted surface outlet, broad, flat shallow water areas, dense, broad-leaf, emergent
vegetation, thick, porous wetland soils and substrates, and low groundwater discharge rates.

Shoreline Stabilization

Shoreline stabilization is the binding of sediment at and near the coast and the physical
dissipation of erosive energy caused by waves, currents, tides, storm surges, and ice (Marble
1992). Essentia to sediment stabilization is the presence of dense, emergent vegetation which
servesto bind and stabilize substrates with their root systems, and dissipate wave and current
energy and trap sediments with their stems and leaves. Unstable shorelines generally occur along
the fringes of major water bodies (oceans, seas, and lakes) or along rivers and streams, and many
of these shorelines contain or are capable of sustaining wetlands.

Principal landscape factors which provide the opportunity for shoreline stabilization include:
high-energy wave and current regime, high tidal range, location along a protected, non-
protruding portion of the shoreline, and frequent storms. Principal factors which promote
shoreline stabilization within wetlands include: low fetch, cohesive soils, dense, emergent
vegetation, broad, rough shallow water areas, and toe of slope or bank which is high relative to
mean storm high water. The effectiveness of shoreline vegetation largely depends upon
physiological characteristics of the particular plant species involved (its flood tolerance and
resistance to undermining).

Sediment and Toxicant Retention

Water passing through wetlands undergoes appreciable chemical change. These changes are
primarily the result of reduction in water velocity, decomposition of organic substances by
microorganisms, metabolic activities of plants and animals, photosynthesis, and absorption of
chemicals onto sediments. Of particular interest isthe removal of pesticides, heavy metals, and
other potentially toxic organics through chemical breakdown, temporary assimilation into plant
tissue, and burial. Sedimentation rates can serve as an indicator of toxicant retention because
many toxicants adhere to suspended or deposited sediment, especially clay minerals and organic
matter.
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Principal landscape factors which provide the opportunity for sediment/toxicant retention
include: high proportion of urban and agricultural land use, high sediment yields, and frequent
storms. Principal wetland features which promote this function include: high sedimentation and
primary productivity rates, anaerobic conditions within the shallow substrate, large populations
of organic decomposers, and constricted surface water outlets.

Nutrient Removal and Transformation

This function involves the retention of nutrients, transformation of inorganic nutrients to
their organic forms, and transformation of nitrogen to its gaseous form. Excessive quantities of
nutrients, particularly phosphorus and nitrogen, degrade water quality through their promotion of
algal blooms and population explosion of undesirable aquatic plants. Wetlands are more
effective than uplandsin removal and transformation of nutrients because anaerobic, organic-rich
soils which typify wetland substrates are conducive to transformation processes.

Nitrogen transformations in wetlands involve several microbial processes (Mitsch and
Gosselink 1986). Principal nitrogen transformation processes include: ammonification which is
the biological alteration of organic to ammonium nitrogen (NH,) during breakdown of organic
matter. Nitrification isthe oxidation of ammonium nitrogen by bacteriato form soluble nitrate
(NOy). Denitrification, which is carried out by microorganisms in anaerobic conditions, involves
the conversion of air to gaseous nitrous oxide (N,0) and molecular nitrogen (N,). Phosphorusis
removed from the nutrient cycle by: precipitation of insoluble phosphates by combining with
ferric iron, calcium, and aluminum under aerobic conditions; absorption onto clay minerals,
vegetal matter, and ferric and aluminum oxides and hydroxides; and incorporation into living
biomass.

Principal landscape features which provide the opportunity for nutrient removal and trans-
formation include: high proportion of urban and agricultural land use, impermeable soils, high
sediment yields, and frequent storms. Principal wetland features which promote nutrient removal
and transformation include: prolonged residence times, high sedimentation rates, anaerobic
conditions, large bacteria populations, broad, flat and shallow water areas, and constricted
surface water outlets. It is of note that bacteria and other microorganisms are responsible for the
transformation of most nutrients; whereas vascular plants play arelatively minor role. In
general, freshwater wetlands are more effective for nutrient removal than estuarine and marine
systems, largely because of higher carbon concentrations in freshwater wetlands. It isimportant
to keep in mind that large or long-term nutrient loading cannot be assimilated without altering
wetland vegetation, polluting downslope areas, or being associated with dispersal of toxicantsin
the food chain as the wetland reaches its capacity to assimilate nutrients.

Production Export

Wetlands are commonly capable of producing large quantities of vegetal material which, at
some time after the growing season, can be flushed out of the wetland downstream or to deeper
water portions of the basin. This partially decomposed material then becomes part of the food
chain and is eaten by primary consumers. Two principal attributes of awetland which determine
its ability for production export are plant productivity and capacity for physical dispersal of
biomass. Organic detritus is most commonly transported from a wetland by tides or flood
waters.
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Principal landscape features which provide the opportunity for production export include:
undeveloped watershed, seasonal flooding, high tidal ranges, and diverse ecosystems. Principal
wetland features which promote this function include: discharge of nutrient-rich groundwater,
high primary productivity, and good hydraulic connection with deeper water bodies. Production
export is successful only if there are aquatic popul ations downsl ope to consume the exported
biomass.

Aquatic Diversity and Abundance

Nearly al freshwater and many saltwater fish species, at some stage in their life cycle,
require shallow water areas. Because wetlands are commonly densely vegetated shallow water
areas, they provide nutrition and habitat for abundant and diverse invertebrate and fish
populations. Habitat encompasses those physical, chemical, and biological factors that are
necessary to sustain larval, juvenile, and adult aguatic organisms. Habitat factors include food
supply, sainity, temperature, substrate, types of shelter, current velocity, and dissolved oxygen
(Adamuset al. 1991).

Principal landscape factors which provide the opportunity for aguatic diversity and
abundance include: undeveloped land, diverse ecosystems, location in lower portion of
watershed, and frequent storms. Principa wetland features which promote this function include;
abroad range of vegetation types, water depths, water velocities and hydroperiods, high
groundwater discharge rates, and abundant vegetation cover. Wetlands should be hydraulically
linked by surface water inflows and outflows to deeper water areas. Diversity and abundance of
wetland vegetation communities provide a variety of nutrients, protective cover, and temperature
moderation by shading, and thereby promote success of aquatic populations. A portion of the
wetland should contain standing water throughout the year.

Wildlife Diversity and Abundance

Many birds, mammals, amphibians, and reptiles, including a significant proportion of
threatened and endangered species, depend on wetlands for nutrition and habitat during all or
part of their life cycle. To date, most of the work on wetland wildlife has focused on waterfowl
and hence the discussion hereis limited to wetland-dependent birds.

Principal landscape factors which provide the opportunity for wildlife diversity and
abundance include: undeveloped and agricultural land, diverse ecosystems, presence of nearby
wetlands, and location along migratory routes. Principal wetland features which promote this
function include: a broad range of vegetation types, water depths, water velocities, hydroperiods,
high groundwater discharge rates, and abundant vegetation cover. Diversity and abundance of
wetland vegetation communities provide avariety of nutrients, protective cover and temperature
moderation by shading, and thereby promote success of diverse wildlife populations. A portion
of the wetland should contain standing water throughout the year.

Wildlife diversity and abundance are associated with three distinct waterfowl activities:

breeding, migration, and wintering. Hydroperiods, water depths, density of vegetation cover, and
other design considerations may be different for each of these three activities.
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3-3 Hydrogeomorphic Classification
for Wetland Design®

Hydrogeomorphic Classification of Wetlands

The assessment used to group wetlands into a classification system useful for engineering
design utilizes the “hydrogeomorphic” procedure developed by Brinson (1993). Wetlands are
characterized by the geomorphic setting, water source, and hydrodynamics. Brinson identifies
five hydrogeomorphic wetland classes as: riverine, fringe, depressional, slope, and extensive
peatlands. This classification recognizes the interrel ationship between hydrology and
geomorphology, and climate dictates the degree of wetland functions that are distinctive to
geographic or physiographic regions. The hydrogeomorphic (HGM) approach isflexible to alow
identification of wetland subclasses within aregion and can be evaluated in the landscape based
on factors such as water source, soils, and vegetation.

Several categories presented in the HGM approach characterize the wetland setting on the
basis of hydrodynamics in an inundated landscape. The hydrologic interactions between the
geologic/geomorphic setting and the regional climatic regime have key elements of commonality.
Important controls, such as landform morphology, basin relief, substrate type, geomorphic
processes, and the length of the hydroperiod, were evaluated from wetland subclasses for
similarity within the riparian, fringe, and depressional setting. Slope wetlands and extensive
peatlands were excluded due to the difficulty of establishing and maintaining hydrology in large
geographical areas such as the Florida Everglades or the L ake Agassiz peatlands. Slope wetlands
and bogs present additional difficultiesin creating ecological habitats that have evolved over
time, or the hydrologic source (i.e., agroundwater seep) may be inadequate for the size of the
wetland replacement.

The energy of moving water, particularly in the riparian and fringe settings, determines the
magnitude and direction of water flow impacting the wetland as well as the hydroperiod. High
gradient flows have lower residence times in the wetland because of a steep valley slope or high
astronomical tides. Therefore, the distribution of water through time and space qualifies the
energy regime for the riparian or fringe wetland setting. In the depressional wetland setting, the
hydrodynamics, hydroperiod, and source of water are different. Water movement is vertical and
bidirectional with residence times of water ranging from ephemeral to permanent in the
depressional setting. The energy of moving water is considerably lower as water becomes modi-
fied through biogeochemical interactions of an enclosed watershed. The wetlands subclasses

1 By Lawson M. Smith and Sandy Pizalotto
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described in this chapter can be readily evaluated from existing sources, i.e. topographic maps,
aerial photographs, field evaluations, and soil and plant surveys.

The various riverine, fringe, and depressional wetland settings in the United States were
examined in terms of their fundamental HGM classification and divided into subclasses based on
distinctive properties which have significance to wetland design, restoration, and establishment.
The resulting classification yielded 31 wetland types. A systematic description of these 31 wet-
land typesin terms of their regional setting, geomorphic occurrence, morphology, and hydro-
geomorphic characteristics (hydrodynamics, hydroperiod, geomorphic features, substrate, and
origin) is presented in Table 3-3. This list was further examined with respect to the likelihood of
wetland engineering projects occurring in them in an effort to narrow the number of wetland
environments that might require unique engineering solutions to a reasonable humber.

Since wetlands perform functions by various levels of efficiency, the task of assessing
diversity in the landscape should be focused on a particular wetland subclass most likely to
perform a specific function. A group of 10 selected wetland subclasses, consisting of
combinations of the subclasses in Table 3-3, were identified as having landscape features that
control these functions and are likely to succeed as restoration or created sites. These 10 wetland
types are described in the following paragraphs.

Riverine Wetlands

Riverine wetlands are grouped into three major settings: High Energy Floodplain, Moderate
Energy Floodplain, and Low Energy Floodplain. The riverine floodplain setting is characterized
on the basis of unidirectional water distribution through the floodplain with the channel gradient,
depositional distribution, and stream landform as key energy elements.

High Energy Floodplain

High Energy Floodplains have steep valley gradients (>0.10 to <0.02) and very low to very
high sediment transport channels. The High Energy Floodplain occursin a confined channel of
erosion and downcutting; typicaly, the valleys are V- to U-shaped with cascading step/pool or
riffle dominated streams with a narrow wetland area restricted to the channel. These streams
have relatively straight to slightly meandering channel morphologies corresponding to Rosgen
Aat, A, and B types. The streams generally have entrenched to moderately entrenched channels,
low to moderate sinuosity, and low to moderate width/depth ratios. Also included in this group
are braided streams (Rosgen D type) which have very wide floodplains with multiple,
interspersing channels capable of wide lateral adjustments. Braided streams typically process
unstable, eroding banks and transport very high sediment loads ranging from cobbles to sands.
Braided streams have unstable sinuosity forms that are subjected to sudden temporal discharges
or avery high sediment influx. The High Energy Floodplain typically displays a high gradient
range in well-confined mountainous valleys (Aat+, A, and B stream types) or high discharge over
abroad, unstable, braided floodplain (D stream type).
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Figure 3-2. Valley gradient, cross-section and plan views of the major stream types (after Rosgen 1994).
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Figure 3-4. Tidal marsh models (top) and tide range regimes (bottom) (from Nixon 1982).

Page 3-28

Chapter 3-3 Hydrogeomorphic Classification for Wetland Design



March 2000

Wetlands Engineering Handbook

"(986T ybuls pue ¥osulay Jaye) uibrew aulrensa ayl Buizusioereyd suoobe|
paleIdosse pue spue|si aliieq Jo sainjes) olydiowoah Jofew sy Jo maia ueld pue UONI8S-SS0I)  "G-g ainbiq

$10q 2104sBuo E puog

(WnIARY YY) (7
uo)id poojq | o~

Aolo Ayt | 4019 s puos | =
ous ﬁ 3007 worsuoi | [ _wwn”wa._ [is ocom__ 1034

puod jouooboq yooaq

uoobo1|

ysiop

~

Page 3-29

Chapter 3-3 Hydrogeomorphic Classification for Wetland Design



Wetlands Engineering Handbook March 2000

1. PROGRADATION m

0 3m VERT EXAG = 240

Figure 3-6. Chenier model (from Reineck and Singh 1986).
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(c) Subsidence doline

(e) Cockpits {intersecting star-shaped dolines)

Figure 3-7. Block diagram of karst features associated with the five types of dolines (after
Jennings 1985).
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Moderate Energy Floodplain

Moderate Energy Floodplains have valley gradients between 0.039 and <0.001 and very low
to very high sediment transport channels. The Moderate Energy Floodplain commonly displays
meandering, point-bar, riffle/pool channel morphology within awell-defined, broad alluvial
floodplain. The floodplain is associated with asymmetrical (Rosgen stream type C) to
symmetrical channels (Rosgen stream type F) and upland terraces. A variety of riverine wetlands
whose channel morphology corresponds to the C stream type include: oxbow lakes, abandoned
channels or sloughs, crevasse splays, natural levees, meander scrolls, and backswamp areas. This
stream type has a dightly entrenched, high sinuosity, and moderate to high width/depth ratio
channel that has developed in a mature floodplain. The Rosgen F stream type is quite similar to
the C stream type except the channel has a well-entrenched channel profile and steep, lateraly
unstable banks. The Rosgen G stream type has an entrenched gully form, commonly found in
narrow valleys, or deeply incised in aluvial landforms, such as fans, deltas, or well-devel oped
floodplains. The Moderate Energy Floodplain has a moderate gradient range in a meandering,
broad aluvial valley capable of distributing well-weathered alluvium of various sediment particle
sizesto different alluvial environments. Their channels, particularly stream types F and G, are
generally unstable with grade control difficulties and excessive bank erosion.

Low Energy Floodplain

Low Energy Floodplains have valley gradients between 0.039 and <0.005 and very low to
moderate sediment transport channels. The Low Energy Floodplain has a variety of stable, well-
vegetated wetlands consisting of anastomosing, very high width/depth ratio (Rosgen Stream
Type DA) channels and highly meandering, but very low width/depth ratio (Rosgen Stream
Type E) channels. These slightly entrenched to well entrenched streams exist in broad, low
gradient, unconfined, alluvial valleys whose channel beds are absent in bedrock or boulder
substrates. The Low Energy Floodplain is capable of dissipating overbank floodflows readily due
to its high vegetation controlling influence. The anastomosing stream (DA stream type) has
interstream divides or stabilized islands that are laterally stable and provide the geol ogic control
for a broad wetland floodplain. The tortuous meandering (E stream type) has ariffle-pool
morphology that is efficient and stable at bank-full stages but has a very high potential for
disturbance should the stream flow and/or sediment transport regime increase. Lateral lakes are
extensions of the E stream type where tributaries entering the main trunk of the stream are
periodically inundated by backwater flooding during high stages. The resulting siltation
decreases the slope at the mouth of the tributaries, resulting in the formation upstream of
palustrine marshes or bottomland hardwood swamps.

Fringe Wetlands

Fringe wetlands were grouped into four major settings: Inland Lakes and Reservairs,
Mesotidal Marine, Microtidal Marine, and Microtidal Marine/Fluvial. The fringe wetland
settings are grouped on the basis of bidirectional movement of a deep water environment
controlled either by astronomical tides or wind-driven seiche. The tidal range is the key energy
element difference between the mesotidal and microtidal environments. Another important
distinction in the fringe setting is the relative salinity impacting the estuarine environment. There
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are several landforms in the microtidal environment (Types 1-4) where the influence of tidal
energy and salinity must be evaluated for any site characterization.

Inland Lakes and Reservoirs

Inland Lakes and Reservoirs have a degpwater environment greater than 2 metersin depth at
low water and are situated in atopographic basin or dammed river channel having an area greater
than 8 hectares. Water levels can be artificially regulated as in reservoirs and can transmit water
by inlet or outlet or are hydrologically isolated. Lacustrine waters may be fresh to saline, but the
salinity is not derived from oceanic waters. The principal water movement, by wind-driven
seiche, isindicated by awave-dominated shoreline that may be modified by the geomorphic
setting.

Mesotidal Marine

Mesotidal marine wetlands have atidal range greater than 2 metersin depth and border a
deepwater environment of marine origin. The mesotidal fringe setting isin ahigh energy regime
that iswaveto tidally influenced. Typically, mesotidal wetlands have a narrow foreshore
adjacent to a steep slope and lack barrier island development. Other fringe settingsin this
environment may include coastal embayments and tidal inlets produced by drowning or
submergence of the lower part of ariver valley or estuary.

Microtidal Marine

Microtidal Marine wetlands have atidal range less than 2 meters in depth and consist of four
types of shorelines influenced by high to low energy regimes. The shorelines range from wave-
to tide-dominated with avariety of estuarine landforms influenced by fluvial systems. Salinity in
these estuarine wetlands varies by season and the strength of the tidal flushing. Sediments
supplied by longshore or fluvia transport to the estuarine marshes are dependent upon the
position, elevation, and proximity of the wetland to the depositional source. Moderate to Low
Energy Shorelines (Type 1) have barrier beaches with widely spaced inlets and tidal deltas
typical of spit development by longshore transport. High to Moderate Energy Shorelines
(Type 2) have tidal inlets and coast embayments associated with drowned river valleysthat are
generally tide-dominated and strongly influenced by longshore transport. Another Moderate to
Low Energy Shoreline (Type 3) hastidal inlets and barrier islands associated with coastal
lagoons that range from tide- and wave-dominated barrier beaches to wind-driven-tidal and
fluvial dominated estuaries. Low Energy Shorelines (Type 4) are dominated by wind-driven tides
along chenier plains, abarrier beach with an extensive backshore area drained by widely spaced
tidal creeks. These four microtidal marine wetland types contain many geomorphic features but
are largely controlled by the degree of tidal flushing and the relative position of the estuary.

Microtidal Marine/Fluvial
The microtidal marine/fluvial wetland is alow energy shoreline strongly influenced by large

prograding deltas (principally the Mississippi Deltain the United States) having a prominent
freshwater and sediment input. Inter-distributary areas of the deltas commonly form salt marshes
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in relatively short time periods due to a high suspended sediment discharge entering alow wave
and low longshore transport regime. This type of wetland is one of the most dynamic in terms of
geomorphic evolution. Consequently, the ability of microtidal marine/fluvial wetlands to provide
specific functions at specific locations may change substantially over time (tens of years).

Depressional Wetlands

Depressional wetlands are grouped into three settings that have the greatest potential for
creation or possess the best opportunity for restoration and enhancement. These wetlands include
prairie potholes, karst, and Aeolian Basins. Other depressional wetlands listed in Table 3-3
which were not included in this discussion are hydric hummocks, ombrotrophic bogs,
minerotrophic fens, pocosins, Carolina bays, verna pools, calderalakes, newland lakes and sag
ponds, and glacia cirques. These wetlands are somewhat limited in geographic extent and
occurrence. Depressional wetlands are influenced by the vertical, bidirectional water distribution
in ahydrologically isolated region that imparts to wetlands a distinctive water chemistry.
Characterization of shallow-water settings utilizes the geologic and geomorphic setting for
predicting the function that a depressional wetland can perform.

Prairie Potholes

Prairie Potholes are small basins that have formed in glacia terrain whose principal
hydrologic input is from precipitation and groundwater. The hydroperiod of these small
watersheds is controlled by the geologic substrate and climatic trends that determine the length
of inundation ranging from ephemeral to permanent water levels. The pothole basins are situated
in youthful drainage areas of various substrates ranging from permeable glacial outwash deposits
to slowly permeable glacial till. The type of substrate and the interaction of groundwater
characterize the water chemistry that influences the wetland vegetation found between various
basinsin a given region. Prairie Potholes have been identified as a setting that can be readily
recreated in an important agquatic and wildlife habitat area as well as provide opportunities for
groundwater recharge, sediment stabilization, and nutrient transformation in many natural basins.

Karst Wetlands

Karst Regions are a type of topography characterized by sinkholes, caves, and underground
drainage where dissolution of limestone, dolomite, or gypsum substrate occurs. In the HGM
based classification, “dolines” and “Uvalas’ are subsets of karst wetlands. These closed
depressions range from simple sinkholes with steep contours to basins interconnected to one
another, but are hydrologically isolated from riparian or fringe settings. Precipitation is the
principal water source for these wetlands, becoming intermittent ponds and lakes during periods
of heavy rainfall that percolate readily into water table aguifers. Karst Regions provide many
opportunities for enhancing groundwater recharge and habitat/diversity although difficulty may
be encountered in actual sinkhole creation due to problems regulating the hydroperiod. In many
areas in the country where there is suitable surface limestone formations, small basins can
provide opportunities for enhancement projects.
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Aeolian Basins

Aeolian Basins consist of two types of basins that originate wherever water can collect in
surface depressions, principally, playas of the Southern High Plains (Texas and New Mexico)
and deflational basinsin the Sandhills of Nebraska. These basins have dissimilar forms and
originate from different geomorphic processes. Playa basins originate as surficial lineaments
from geologic structures that form as a result of dissolution and the downward movement of
carbonates in the soil. Upon drying and exposure of the playafloor, wind erosion causes further
expansion of the basin. Deflation basins, formed under previous arid conditions of the past, have
basins enclosed by well-oriented, parallel rows of sand dunes created by wind deposition. The
deflation basins evolved as small wetlands between the dunes following a change to a moist
climate regime. Therise in the regional water table fostered vegetation that created an
impermeabl e substrate. Aswith the Karst Regions, creation projects would be difficult to
regulate a predictable hydroperiod, but many opportunities exist for functional restoration at
many sites.

Chapter 3-3 Hydrogeomorphic Classification for Wetland Design Page 3-35



Wetlands Engineering Handbook March 2000

3-4 Hydrologic Design Criteria’

Introduction

In wetlands engineering, hydrology is often used as a very broad term that encompasses all
hydrologic and hydraulic processes related to wetlands. There are many hydrologic and
hydraulic considerations important to wetland restoration and construction. The hydrology of the
wetland is critical to the achievement of any and all of the functions described in this handbook.
Although there are many functions and wetland types which require very different hydrologic
and hydraulic conditions, the list of hydrologic design considerations (criteria) is actualy quite
short when boiled down to the most basic elements. The important hydrologic design criteria are
hydrologic setting, flood duration and timing, flooding depth, flow velocities, flow resistance,
hydraulic retention time (HRT), storage capacity, surface area, and fetch.

While some of these hydrologic criteria are purely hydrol ogic considerations some contain
other characteristics, such as the importance of wind direction in the fetch criteria. In addition,
these hydrologic design criteria are not completely independent of one another. For instance,
surface area, storage capacity and HRT are interrelated by the geometry of the hydrologic
features of the wetland. In that regard, the breakdown of hydrologic criteriais somewhat
ambiguous and overlapping, which is aways the case when trying to reduce a complex system
into smaller digestible parts.

The essentia hydrologic criteriafor each of the different wetland functions arelisted in
Table 3-3. Although all of the above criteria may be important for each of the functions, certain
criteria are essential to the attainment of some functions. In general, criteriain thetable are
listed in order of relative importance, with the most important variables coming first. However,
for many functions the criteriamay play an equal role, or the importance of each may vary
between wetland types and individual wetlands of the same type. Each of these design
considerationsis briefly discussed below.

Hydrologic Setting

The hydrologic setting of the wetland is used here to describe the location of the wetland in
relation to other water bodies. These water bodies could consist of small streams, rivers, lakes,
estuaries, groundwater or other wetlands. The hydrogeomorphic classification partially, but not
completely, describes the hydrologic setting of the wetlands. The hydrologic setting is important

1 By Charles W. Downer and Lawson M. Smith
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to all wetland functions but is of particular importance to groundwater recharge/discharge,
sediment retention, flood-flow alteration, and production export.

The hydrologic setting is particularly important to the functions of groundwater recharge and
discharge. The topographic elevation of the wetland relative to the water table will determine
which, if either, of these hydrologic functions the wetland may fill. The hydrologic setting is
also acritical consideration for flood-flow alteration, as the position of the wetland in relation to
the stream will play alarge role in how the wetland affects the flood hydrograph. For production
export to occur, the wetland must be located upstream of and be hydraulically connected by
surface channel flow to the water bodies that are to be enriched.

The hydrologic setting is also of particular importance to the aquatic diversity of the
wetlands. Fringe and riparian wetlands are tied to larger bodies of waters, such as streams, rivers,
lakes, and estuaries and are often used by the aquatic species of the larger water bodies as
feeding areas, nurseries, etc. The use of wetlands by aquatic species of other water bodies will
depend, in large, on the wetland's flooding timing, depth and duration.

Flooding Duration and Timing

In wetlands, the duration and timing of flooding is often referred to as the hydroperiod. The
proper hydroperiod is essential to the attainment of almost every wetland function. The duration
and timing of flooding will significantly influence which plant species are viable for the wetland,
what birds and animals will visit and use the wetland, recreational opportunities, and
groundwater recharge and discharge. The timing and duration of flood flows are also important
design criteriafor sediment and toxicant retention, sediment stabilization, and biological
production/export.

Water Depth

In addition to flooding timing and duration, flooding depth is al so important to many wetland
functions. Theimportance of water depth is frequently tied to the timing and duration of
flooding. For example, deep flooding of awetland for a very short period may not be as
important to wetland functions as sustained low level flooding. The depth and turbidity of water
has a profound effect on vegetation. In concert with the timing and duration of flooding, water
depth and turbidity strongly influence which types of vegetation may grow in the wetland. In
general, there is atransition from emergent to submergent vegetation at a depth of 0.5t0 1.0 m,
and atransition of submergent to floating vegetation at depths greater than 1.0 m (Hammer
1991). These direct effects on vegetation have indirect effects on flood-flow alteration, sediment
stabilization, sediment/toxicant retention, nutrient removal/transformation, production export,
and wildlife and aguatic species usage.

The depth of water also has direct effects on groundwater recharge and discharge. The depth
of water in the wetland provides the downward driving force for water. Deeper water produces
stronger piezometric gradients. encourages groundwater recharge and discourages groundwater
discharge.
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The depth of water can also be important in the sediment/toxicant retention and sediment
stabilization functions because the depth of water affects the flow velocity and shear stresses
which affect erosion and sediment accretion. For a given flow, greater water depth will result in
lower flow velocities and less shear stress on bottom sediments. Reduced shear stresses will
result in less erosion of bottom sediments and deposition of suspended sediments. Wildlife
abundance and diversity and aquatic abundance and diversity are also directly affected by the
available water depth.

The flooding duration, timing and depth are determined by the wetland water balance. The
water balance of awetland is a basic accounting of water that enters or leaves the wetlands.
Water balances are typically constructed on a monthly basis but may be of any length of time
needed to adequately define the water regime. The water balance should be one of the first
considerations of any wetland project design and would preferably be determined along with the
site selection process. Defining the water balance incorporates a host of design criteriarelated to
water levels, hydroperiods, and other hydrologic conditions. Thingsto consider in computing the
water balance are: surface flows, precipitation, evapotranspiration, and groundwater discharge
and recharge. The storage capacity of the wetlands includes surface water storage and water
retained as soil moisture.

Flow Velocity

The velocity and related stresses of flowing water are important to several wetland functions.
Flow velocity has a critical impact on sediment and toxicant retention and sediment stabilization.
As discussed below, flow velocity is a key condition of both erosion and settling of soil and
organic particles. Flow velocity provides energy for the erosion of soil and organic material and
the turbulence and lift to keep materialsin suspension. Flow velocity will also affect the
production/export function in it and will determine how much organic matter in the wetland will
be exported downstream. Flow velocity also affects the hydraulic retention time (HRT), which
in turn affects water quality enhancement characteristics. Higher flow velocities result in
reduced HRTs. Thisreduction in HRT can cause areduction in treatment efficiencies of
suspended sediments and other pollutants. Additionally, flow velocity has amajor effect on
aguatic organisms as a critical environmental characteristic of their habitat.

Flow Resistance

The depth and vel ocity of the flow in the wetland is dependent on flow resistance. For
surface flows, flow resistance is the frictional drag of the wetland bottom and vegetation.
Densely vegetated wetlands produce a great deal of resistance to surface flows. The roughness
coefficient for equations such as the useful Manning estimation of flow velocity may be greatly
increased by dense vegetation (Chow 1959, Kadlec 1990). Manning's roughness coefficients for
natural channels may vary from 0.035 for a slightly meandering channel with clean gravel bottom
to 0.150 for an irregular channel cluttered with trees, stumps and rocks. Manning's roughness
coefficients as high as 0.55 have been measured in subtropical marshes (Shih and Rahi 1982).
Anincrease in the Manning's n equates to an increase in frictional resistance to flow. Asthe
resistance to flow increases, flow velocity decreases and flow depth increases. It isimportant to
note that the Manning equation may not be applicable in densely vegetated wetlands because the
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vegetation changes the flow regime and redistributes the frictional resistance along the water
column (Downer 1993).

Aquatic vegetation can cause areduction in flow because energy is required to overcome the
additional resistanceto flow. The exact effect of an increase in frictional resistance depends on
other channel parameters. Flow resistance can be important for several functions, including
flood attenuation, sediment/toxicant retention, and sediment stabilization.

Hydraulic Retention Time (HRT)

The HRT is defined as the average amount of time that a parcel of water stays within the
wetland before exiting. The HRT isthe key design criteriafor water quality enhancement
functions such as sediment/toxicant removal and nutrient removal/transformation. Wetlands
essentially function as biological treatment systems and have a variety of mechanismsto treat,
transform and remove pollutants in water. The mechanisms consist of physical, chemical, and
biological processes, each requiring some minimal HRT to remove pollutants. Flowing waters
must remain in the wetland long enough for these processes to occur if treatment isto be
effective. However, excessive HRT in the wetland may cause wetland water quality problems
such as low dissolved oxygen and production of sulfide and methane gases.

In general, the HRTs necessary to remove particulate matter are less than those required to
remove dissolved congtituents. The minimum HRT of the wetland is that required to achieve the
level of treatment desired for the most persistent constituent. Hydraulic retention time is affected
by the hydrologic setting, water depth, flow velocity, vegetation, and various other design
criteria

Storage Capacity

Storage capacity is most important in the flood-flow alteration function because the amount
of available storage in the wetland determines how much of the available stream flow can be
routed into or through the wetlands The wetland's storage also affects the HRT, though the HRT
is considered the design parameter, not the storage. The storage capacity may also affect
groundwater recharge/discharge and aquatic abundance/diversity, in that larger wetlands will
have more potential for groundwater recharge and may support more aquatic organisms.
Wetland storage capacity, in relation to flood-flow ateration, is further discussed in the Flood-
flow Alteration Section, Section 2.

Surface Area

The wetland surface areaisimportant for groundwater recharge and discharge. The
groundwater recharge will be afunction of the surface area, water depth, permeability of
underlying soils and location of the water table. The amount of water recharged is often directly
proportional to the surface area of the wetlands The surface area of the wetland also affects
evapotranspiration which can be important for groundwater discharge and water quality
functions.
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Fetch

Fetch isthe length of open water available for wind-induced waves. Fetch isan important
hydraulic consideration in wetlands because they are usually shallow water bodies which can be
easily affected by wave action. The fetch of the wetland is especially important in sediment
stabilization and sediment and toxicant retention. Long fetches will produce erosion of the
downwind shoreline. Long fetches will also cause the resuspension of sediments and associated
toxic chemicals and nutrients. Once these constituents are re-suspended they may have
deleterious effects on organisms that live in or visit the wetland. Sediments may also be
transported downstream by flowing water, losing any water quality benefits derived earlier by the
settling of suspended particles.

Fetch is also important to water quality concerns because the greater the fetch the better the
reaeration, the reintroduction of oxygen to oxygen-depleted waters. In addition, wave action may
aso induce the volatilization of constituentsin solution. These effects may be important for both
nutrient and toxicant transformations.
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3-5 Geotechnical Design Criteria’

Introduction

A major goal of wetland creation and restoration is to produce an environment that provides
desired functions and, at the sametime, exists as alandform which isin equilibrium with the
surrounding landscape. To accomplish this, it is essential to consider the composition,
arrangement, and movement of earth materialsin the landscape. Geotechnical considerations
tend to be primary decision-making guides for wetland site location, design, and construction
because earth material composition and transformations they undergo profoundly influence the
hydrology and biology of alandscape.

To create wetlands that provide desired functions and are in equilibrium with the landscape,
anumber of geotechnical characteristics of awetland site must be considered. These include:
geologic setting, geomorphic setting, wetland form and size, soil composition and texture,
hydrogeol ogic processes, geomorphic processes, and geomorphic trends. In this chapter, these
seven geotechnical characteristics are described. This discussion, however, is not a detailed
guide to geologic and geomorphic analysis of landscapes, but does reference materials where
such information is available.

Geologic Setting

By offering variabl e resistance to geomorphic processes acting upon them, the distribution of
rocks and sediments of varying composition has a profound effect on groundwater flow,
topography, drainage patterns, and other landscape features and processes. Detailed geologic
analysis of an areainvolves classifying rock and sediment types present (composition),
determination of their stratigraphy (geometry), and evaluating their structural features
(orientation). Each of these procedures is discussed below.

Rock and sediment composition

Rocks are cohesive aggregates of grains of one or more mineral types. Sediments are any
number of materials deposited at the earth’ s surface by physical, chemical, or biological agents.
Minerals are naturally occurring, solid, inorganic elements or compounds, with a definite
composition or range of compositions, usually possessing aregular internal crystalline structure.
Geologic material is either igneous, metamorphic, or sedimentary in origin. Igneous rocks are

1 By Lawson M. Smith and Sandy Pizalotto
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derived from molten rock or magma and are intruded into preexisting rocks below the earth's
surface where they slowly cool, or are extruded onto the earth's surface where they quickly cool.
M etamorphic rocks are preexisting igneous, metamorphic, and sedimentary rocks which have
undergone recrystallization and changes in texture deep in the earth by coming into contact with
molten rock, undergoing extreme pressures, or hydrothermal alteration. Sediments and
sedimentary rocks are detrital material that was transported and deposited by fluids such as air
and water, or are skeletal material (mostly shell) which may have been transported or may have
accumulated in place. A basic classification of rocks and sediments and their fundamental
characteristicsis presented in Figure 3-8. An introduction to rocks and minerals can be found in
Dietrich and Skinner (1979). The texture (size, shape, and arrangement of their components) of
rocks and sediments is discussed in the hydrogeol ogy section of this chapter.

Igneous and metamorphic rocks tend to be highly crystallized (have very low porosities) and
indurated. Igneous and metamorphic rocks form at temperatures and pressures far greater than
earth surface conditions which resultsin mineral constituents that are unstable (vulnerable to
weathering) at or near the earth's surface, particularly in the presence of water. Thereisthe
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general relationship that the higher the temperature and pressure conditions are under which
minerals and rocks are created, the more unstable they are at the earth's surface and the more
easily they react with water to dissolve and (or) form minerals (mostly clays) that are stable
under low P-T conditions. In general, the higher proportion of the mineral quartz (SiO,) arock
contains, the more resistant it is to weathering and erosion. Carbonate rocks (limestone and
dolostone) dissolve in the presence of water and form distinctive karst topography.

Sediments are either consolidated or unconsolidated, that is minerals are either bound together
by mineral cement or not. Sediment consolidation typically involves deep burial and solution
re-precipitation of certain mineral components by groundwater which markedly decreases the
permeability of sediments and increases their resistance to erosion. Unconsolidated sediments
are known simply as sediments, or perhaps soils to engineers (see discussion of the term soil in
the Soil Texture and Composition section of this chapter). Consolidated sediments are known as
sedimentary rocks.

An essential component of site characterization is a geologic map which is sufficiently
detailed to evaluate rock and sediment distribution in the watershed. Such maps may be
available from state geologists, nearby academic geology departments, and local environmental
or engineering firms. Detailed geologic maps provide information regarding the surface
distribution of sediments and rocks. Additionally, by using symbols that indicate orientation of
rock layers, these maps provide information regarding the subsurface distribution of earth
materials important in wetland design and evaluation.

Stratigraphy

Wetlands are commonly lowland features situated in areas of active sediment deposition and
thus are underlain by unconsolidated sediment. Sediments typically occur in layered form.
These layers reflect changes in sediment composition and grain size that result from
modifications of the physical environment from which the sediment is derived as well as the
environment of deposition itself. Layered sedimentary units are referred to as strata, and
stratigraphy is the geologic study of both the physical (composition, form, arrangement,
geographic distribution) and temporal (chronologic succession, and correlation) attributes of
strata. Stratigraphic analysis not only provides information regarding the physical and temporal
characteristics of sediments, it provides vital information regarding groundwater flow (i.e.
geometry and distribution of water-bearing units).

Stratigraphic analysis typically involves field mapping and (or) acquisition of a series of
sediment cores. Stratigraphic units at each field site and boring are then differentiated based
upon distinctive physical attributes such as composition, grain size, and color. Stratigraphic
successions from different areas or borings are then correlated. Attempts to correlate
stratigraphic units based solely on physical attributes may lead to spurious conclusions because,
like extant sedimentary environments, strata are not continuous. Correlations may be
strengthened using additional indicators of stratigraphic similarity. Once areas and cores are
correlated, a series of cross-sections are constructed which accurately portray the area's
stratigraphy. The cross-sections can be used to decipher the geologic and geomorphic history of
alandscape, and to determine its hydrogeology. Schoch (1989) provides a more thorough review
of stratigraphic concepts and methods.
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Structure

After emplacement or deposition of rocks, they may be subject to deformation by
gravitational and tectonic forces. Structural geology describes the disposition, attitude, and
arrangement of deformed rock units. Four principal types of geologic structures can be
distinguished: folds, faults, joints, and intrusions. A fold is bent or warped rock layers, which
were originally horizontal and subsequently deformed. Folding of rock layers (strata) enhances
fracturing and, in effect, turns strata of variable resistance on end so that the overriding controls
on topography become the distribution of strata and their relative resistance (Figure 3-8). In
areas of folded strata, watersheds tend to be elongate with the long axis paralld to regional
strike. Heterogeneities in the subsurface caused by folding result in complex groundwater flow
systems.

A fault is a surface zone of rock fracture. along which there has been material
displacement. Faulting can disrupt groundwater flow systems by offsetting aquifers, and altering
porosity and permeability along the fault plane. Faulting can exert control on the topography and
surface hydrology of awatershed by juxtaposing rocks and strata of variable resistance, altering
the course of rivers and streams (Figure 3-9).

One of the most common features in rocks are joints, which are partings in rocks without
actual displacement. By markedly increasing the capacity of water to infiltrate rock, joints exert
astrong control on weathering and erosion on a variety of scales, from microcracks to regional
lineaments. Joints form as pressure is released on once deeply buried rocks which have been
brought to the surface and in response to regional tectonic stresses. Joints that result from
regional tectonic stresses tend to have preferred orientations. Such features exert a strong
influence on groundwater flow in any rock type and produce distinctive surface expressions such
as soil change, alignment of vegetative patterns, straight stream segments and valleys, aligned
depressions and gapsin ridges. These linear features are commonly recognizable on aerial
photographs and other remote sensing imagery. Lineament analysis can be an important
component of geomorphic and hydrogeologic surveys (Fetter 1988).

Intrusions

Igneous rocks that are formed by intrusion of magma into preexisting rock may disrupt
otherwise continuous groundwater flow systems or, if brought to the earth's surface by uplift and
erosion, may ater terrain development. The size of igneous intrusions varies widely from afew
centimeters to hundreds of kilometersin circumference. There are two fundamental forms of
intrusive igneous rocks: those that were created by injection of magma along bedding planes, and
those that were created by injection discordant to bedding planes (Figure 3-10).

Geomorphic Setting

Wetlands are inextricably linked to the other elements of the landscape and their landscape-
forming processes. Consequently, such parameters as watershed size, position of the wetland in
the watershed, shape and form of the watershed, and local climate influence the capacity of
wetlands to provide specific functions. Analysis of landscape setting may be regional in
perspective (Figure 3-11), in which long-term climatic and regional geologic parameters are
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Figure 3-9. Block diagram showing general relationships between geologic structures and
topography. Topographic highs may be associated with the cores of either synclines or
anticlines. In the diagram, the axes of the synclines and anticlines are inclined (plunging) to the
north. Note that the fault disrupts the sinuous surface expression of the plunging folds, and
alters the course of the river.

significant. Analysis of landscape setting may also be more site specific in which short-term
atmospheric (storms) and hydrologic (floods) processes and local stratigraphy play a critical role
in flow of energy and material though the system. Both perspectives are important when
evaluating alandscape for wetland engineering considerations.

The amount of areathat drains into awetland can influence the hydroperiod. Wetlandsin
small watersheds or in the upper portions of larger watersheds have less area draining into them,
but are subject to intense runoff events associated with local storms. Under such conditions there
isatendency for wetlands to have variable water levels and irregular hydroperiods. On the other
hand, wetlands situated in the lower portions of moderate and large watersheds are less
influenced by individual rainfall/runoff events and therefore tend to have more regular
hydroperiods. The size of the watersheds also influences sediment yield. Primarily because of
the number of within-basin storage areasin larger watersheds, sediment yield per unit area tends
to increase with decreasing watershed size (Ritter 1986).

The morphometry of awatershed strongly influences .hydrology and biology of alandscape,
and many quantitative methods have been formulated to relate watershed form and function.
M easurement of watershed physiography may be linear, areal, and elevational. Evaluation of
linear aspects of abasin is concerned with stream channels. If attention is paid to inter-
connections of stream channels, it is possible to devise a scheme of stream ordering. A first
order stream is one which does not possess any tributaries, a second order stream is formed by
the junction of two first order streams, athird order stream by the junction of two second order
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Figure 3-10. Types of igneous instrusions.

segments, and so on. The bifurcation ratio is the ratio of the number of streamswithin a
watershed of a given order divided by the number of steams of the next highest order. Drainage
basins with high bifurcation ratios contain alarger number of tributaries so that alandscapeis
capable of rapidly carrying off rainfall, resulting in pronounced discharge peaks.

Areal evaluation of alandscape includes calculation of drainage densities which highlights
the antithetical relationship between overland flow and infiltration. Drainage density is
measured by dividing the total length of stream channels by the total watershed area. Drainage
density, to some extent, is ameasure of the evolutionary stage of alandscape such that lower
ratio values imply that awatershed isin early stages of geomorphic development and can be
expected to change over time. Basins of high relief tend to be dominated by overland flow as
opposed to infiltration and subsurface flow and devel op high drainage network densities relative
to lower relief terrains with similar surface conditions. Drainage densities tend to increase from
humid to semiarid environments (Patton 1988).

Another areal measure of alandscape is the overall basin shape which can be evaluated with
an elongation ratio which is measured by dividing the diameter of a circle having the same area
as the drainage basin by the longest axis of the watershed (Schumm and Lichty 1965). Basins
with high bifurcation ratios tend to have high flood peaks because surface water travel timesto
the base of the watershed are nearly equal across the basin. Whereas watersheds with low
bifurcation ratios tend to have unequal stream path lengths which produce lower flood peaks but
sustained flow because travel times to the base of the watershed vary across the basin (Strahler
1964). Not only does the elongation ratio provide information about basin hydrology, it also
furnishes insight into the degree of structural control on basin morphometry because watersheds
whose form is controlled by structural features such as lineaments, faults, and folds tend to have
low elongation ratios.
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Figure 3-11. Physiographic provinces of the conterminous United States (adapted from Bloom

1991).
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The importance of basin relief as a hydrologic parameter has long been recognized. With
increasing relief, steeper hill-slopes and higher stream gradients, the ratio of runoff to infiltration
increases and time of concentration of runoff decreases, thereby increasing flood peaks. Two
useful methods of evaluating the importance of relief in producing flood conditions are the relief
ratio and the ruggedness number (Patton 1988). Therelief ratio isthe basin relief divided by the
long axis of the basin. Generally speaking, drainage basins with high relief ratios are more prone
to flooding. The ruggedness number isthe product of drainage density and relief. Basinswith -
high ruggedness numbers tend to have high peak flows. It isof note that highly dissected basins
of low relief can have ruggedness values similar to moderately dissected basins of high relief.
Strahler (1964) and Stephenson et a. (1979) provide avariety of methods for quantitatively
evaluating the relationship between basin form and process.

Wetland Form and Size

Just as watershed form and size influence the capacity of wetlands to provide wetland
functions, the size and morphometry of wetlands determine their capacity to furnish specific
functions. Morphometric features which influence the capacity of wetlands to furnish functions
include: form and depth of wetland bottom, size and shape of inlets and outlets, and shoreline
length.

Wetland size, particularly relative to the watershed, may have significant influence on rate of
flow of water and materials through the watershed, wetland water residence times, and
hydroperiods. Moreover, the wetland size also influences the suitability and diversity of habitats
for wetland flora and fauna (Adamus et al. 1991).

Broad, flat, rough shallow-water areas tend to slow water velocities and dampen waves and
thereby tend to increase water residence times and decrease turbulence and potential for erosion.
A variety of water depths promotes diversification of aguatic and wildlife habitats. The size and
shape of inlets and outlets control the degree of communication with deeper water areas,
hydrological residence times, hydroperiods, and the relative importance of surface flow in the
wetland water budget. The ratio of shoreline length to wetland water volume influences the
relative importance of groundwater in the hydrologic water budget (M cBride and Pfannkuch
1975) and the diversity of habitats for wetland flora and fauna.

Soil Texture and Composition

Sails are the dynamic interface between geology and climate, whose development is
controlled by parent material, climate, organisms, slope, and time. Soils are thin veneers within
complex three-dimensional systems that are active in space and time (Daniels and Hammer
1992).

Sails consist of amatrix of inorganic and organic particles with interconnected voids.
Depending upon local conditions, these voids may be filled with varying amounts of water and
gas. The meaning of the term “soil” is not necessarily the same to geol ogists, engineers, and soil
scientists. Geologists commonly use the term “soil” to refer to the surficial layer of altered rock
or sediment. Thus, for geologists soil might include al or part of the regolith. Regolithisthe
general term for the entire layer of 1oose, incoherent, and unconsolidated rock fragments,
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whether transported or the product of weathering, that nearly everywhere covers the more
coherent bedrock. Civil engineers use the term “soil” to refer to that part of the regolith removed
in excavation, used for fill materials, or to provide foundations to structures. Thus, to engineers
soil generaly includes the whole of the regolith. To soil scientists, “soil” refersto well stratified
earth material, commonly one to two meters thick, that supports or is capable of supporting
plants, and has formed through the interaction of climate, biological activity, and the rock
fragments and mineral grainsin the upper part of the regolith (U.S. Geological Survey 1977). A
guide for comparing the soil textural classification systems used by soil scientists and engineers
ispresented in Figure 3-12.

Many soil properties obtain a steady-state condition over time. The time necessary to reach a
steady state varies with the soil property, parent material, erosion or deposition rates, and,
because different horizons develop at different rates, the soil horizon. Because a soil profileis
the sum of many properties, a profile reaches steady state only when the majority of its
diagnostic properties have attained equilibrium (Birkeland 1984).

Soil texture

The size, shape, and arrangement of detrital material controls many soil properties and
processes. Laboratory analysis may be used to determine the textural class of soils, but simple
field tests by qualified personnel are often adequate (Costa and Baker 1981).

Sail poraosity and permeability are directly related to soil texture. Coarser grained soilstend
to be more porous and permeable, and well sorted (graded) soils tend to enhance groundwater
flow. However, some clays and organic-rich clay soils can have high porosities because of the
irregular shapes of organic materials and because the el ectrostatic charge on clay minera
surfaces repels other clay particles. Chemical activity of soilsisrelated to soil texture. Because
surface area per unit volume increases markedly as particle size decreases, smaller particles have
greater potential for chemical exchange with groundwater. Moreover, smaller particles tend to
be clay minerals which are more chemically active than other inorganic detrital material.

Soil composition

Soil material is composed of varying amounts of organic and inorganic material. The
composition of organic material ranges from undecomposed plant and animal material to humus.
Humus is a complex, rather resistant brown to dark brown amorphous and colloidal material
modified from the original tissue or synthesized by various organisms. Humus commonly makes
up the bulk of soil organic matter, although in many wetlands, anaerobic conditions retard the
decomposition of plant and animal tissue and peat may predominate.

Wetland soils can be generally classified as either mineral or organic types. Nearly all
soils contain organic matter, but soils with less than 20% (dry weight) are considered a mineral
soil. Organic soils are also known as peat soil and histosols. Two important characteristics of
organic soils are the botanical content and degree of decomposition (Mitsch and Gosselink
1986). Organic material can be derived from mosses, herbaceous material, and wood and |eaf
litter. As plant material decomposes, bulk density increases, and hydraulic conductivity and
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Figure 3-12. Guide for comparing the Unified Soil Classification System with that used by the
USDA (adapted from Wright et al. 1981).

quantity of large fiber (>1.5 mm) litter decreases (Mitsch and Gosselink 1986). The ratio of
carbon to nitrogen is a rough measure of the amount of decomposition of original organic
material. Theratio is high (>20%) in undecomposed plant tissue and low (<10%) in humus
(Birkeland 1984).

Sail organic matter isimportant to many soil properties. It considerably increases the water-
holding capacity and cation exchange capacity in soils. Organic matter holds potential nutrients
in organic forms that are not suitable for uptake by living plants. The organic acids which are
produced during decomposition promote weathering of inorganic material, and form chelating
compounds that increase solubility of someions. The CO, that builds up during decomposition
lowers the pH and thereby promotes weathering (Birkeland 1984). Because of the elongate
shape of plant material, the common occurrence of piping structures, and the variable degree of
organic decomposition, estimation and prediction of groundwater flow rates through organic-rich
soilsisdifficult. Soil propertiesthat affect groundwater flow are discussed further in the
hydrogeology section of this chapter.
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Soils maps and soils descriptions are available at county Soil Conservation Service offices.
Hydric soils of the U.S. are described in a publication of the U.S. Department of Agriculture Sail
Conservation Service (1991). Further discussion of soils can be found in Birkeland (1984) and
Costa and Baker (1981).

Geomorphic Processes

Landscapes are maintained by the flow of materials and energy through the system and the
transformations which occur during transit. Wetland functions may be an integral phasein this
cycle. Interaction of material and energy produces weathering, erosion, transport, and deposition
of earth material, which are the four fundamental processesin landscape devel opment.

Weathering

Many rocks form under pressures and temperatures that are far different than earth surface
conditions, and thus they are in unstable condition and subject to alteration. Degree and intensity
of weathering is afunction of climate, topography, and time. Most weathering takes place in the
shallow subsurface and results from interaction of rock with groundwater. Weathering occursin
three ways: mechanical, chemical, and biological. Mechanica weathering processes include
thermal expansion and contraction, frost wedging, and crystal growth (Bloom 1991). Chemical
weathering, which is generally the dominant process, represents the transformation of materials
as they are exhumed, eroded, and transported through the landscape. Chemical weathering
processes, which are enhanced by wet and warm conditions, include oxidation, hydrolysis,
dissolution, and conversion of silicate minerals (generally to clays). Biological weathering
processes include chelation by plant roots and microbial activity which greatly enhances rates of
chemical reactions. Bacterial activity isincreasingly recognized as a major component in rock
weathering. Press and Sevier (1986), Twidale (1990), and Bloom (1991) provide more detailed
discussions of weathering.

Erosion

As mentioned, most sediments and rocks have layers with differing potential for weathering
and erosion. Where layers are undisturbed and horizontal, atitudinally zoned landform features
and dendritic stream channel patterns predominate (Bloom, 1991). Where layers are deformed,
differential erosion creates topographies which reflect the underlying geological structures
(Figure 3-9).

There are anumber of ways by which denudation rates, or volume of earth material removed
from alandscape during a specific time interval, can be measured. Principal methods for
evaluating denudation rates are measurement of sediment load in rivers, lake and submarine
sedimentation rates, and depth of erosion. Denudation rates are discussed in more detail in Ritter
(1986) and Bloom (1991).

Erosion rates are strongly influenced by climate. Analysis of denudation rates and
sediment production has shown that sediment yield reaches a maximum when annual
precipitation is between 25 and 37 cm (Figure 3-13). Marked decreases in erosive activity
occurred when precipitation rose above or fell below this range, due, respectively, to increased
vegetation cover and insufficient runoff. The amount of runoff isthe best single indicator of
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Figure 3-13. General relationship between sediment size, water velocity, and deposition and
transport. Measurements were made on a flat bed of granular quartz sand. For a specific grain
size, the lower limit of the gray zone demarcates the velocity at which all particles of that size fall
to the bed. The upper limit of the gray zone demarcates the velocity at which all particles of a
particular size continue to be reentrained from the bed. The gray zone is broad because many of
the physical properties of water and grains are not accounted for by size and velocity alone. The
gray zone in the silt and clay size portion is especially broad because of the electrostatic forces
binding clay minerals.

denudation rate. Because most runoff occurs during storms, the intensity and duration of
precipitation events, along with antecedent moisture conditions are of primary importance in
evaluating denudation rates and sediment production.

Denudation rates from naturally vegetated areas are commonly less than 5 cm/1000 yrs.
Enhancement of natural erosion rates by human activities ranges from two to three times with
moderate land use to nearly ten times with intense land use (Saunders and Y oung 1983).
Construction sites commonly have erosion rates far exceeding ten times geological erosion rates
(Vanoni 1975). However, once completed, urban settings with their abundance of impervious
surfaces (roofs and pavements), commonly have low erosion rates, although chemical loading
and the ratio of runoff to rainfall are quite high.

Distinction is made between denudation rates which measure broad, long-term lowering of a
landscape, and soil erosion which measures shorter term soil loss from a particular area. Sail
erosion is often calculated using the Universal Soil Loss Equation (USLE or the Revised USLE,
RUSLE) which considers the six most important erosion parameters: soil erosivity, potential for
rainfall infiltration, slope length, slope gradient, land cover, and land management practices.
Mitchell and Bubenzer (1980) review the USLE and other soil 10ss equations.
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Transport

Sediment may be transported by water, wind, or simply by the force of gravity. Windisa
significant transporting agent in coastal areas and the Southwest. In regions of high relief, earth
material may be transported by gravitational mechanisms such as Slumps, earthflows, debris
dlides. Ice and snow are an important element in erosion and sediment transport in some regions.
For the vast majority of sediment, however, water is the principal transport medium and isthe
focus of the discussion here.

Water transported sediment is subdivided into dissolved, suspended, and bed load.
Dissolved load includes all ions of weathered material; suspended load is generally fine material
transported in the main body of flow and is kept afloat by the upward momentum in turbulent
eddies; and bed load is generally coarse material that moves by rolling or diding along the bed of
astream. The relative importance of these transport mechanisms depends upon the geologic
setting, climate, and land use and land cover characteristics. Sediment transport is a complex
process, and the division made between suspended load and bed load is arbitrary and depends on
flow velocity and shearing stress.

Competence is the measure of the ability of flowing water to transport sediment of a
particular grain size. Competenceis primarily afunction of water velocity (Figure 3-13),
although sorting, suspended sediment concentration, and temperature are significant. Figure3-13
shows that silt- and clay-sized particles are kept in suspension by only slight currents, but,
because of the high cohesiveness of clay particles, velocities required to initially erode them are
capable of moving sand. Thisimpliesthat ponded areas such as wetlands can be subjected to
periodic episodes of moderate water velocities and not undergo erosion.

Ritter (1986), Bloom (1991), and Easterbrook (1993) provide an introduction into the role of
water, wind, gravity, and ice in landscape evolution. Vanoni (1975), U.S. Geological Survey
(1977), and Dendy et a. (1979) provide areview of methods to measure the volume of sediments
transported by streams and rivers.

Deposition

Like erosion and transport, the process of deposition is largely controlled by water velocity.
Hence any areain a watershed where overland and channel flow is slowed is a potential site for
deposition. Deposition is enhanced by low slopes, dense vegetation, and broad, rough shallow
water areas. It isimportant to keep in mind that sediment storage may be temporary or long term.
Temporary storage components of alandscape are controlled by intensity, duration, frequency,
and timing of meteorol ogic events such as rainstorms, rapid snowmelt, and hurricanes. Long-
term deposition isin large part determined by the subsidence history of an area. Subsidence may
be caused by neotectonism,, sediment compaction, or groundwater pumping.

Deposition is measured in terms of accretion rates. Accretion rates are measured by a variety
of techniques including sediment traps, artificial marker horizons, thermoluminesence, and
radioactive isotopes. Easterbrook (1993) provides areview of methods for measuring accretion
rates. Selley (1988) and Chamley (1990) provide more thorough reviews of sedimentologic
principals and analysis.
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Sediment budgets

Site characterization is enhanced by compilation of a sediment budget, whichisa
guantitative analysis of the relationship among erosion, transport, and deposition within a
watershed. Sediment budget calculations begin by identifying and delineating areas of erasion,
transport, and deposition. Then dominant processes, such as raindrop impact, sheet flow, storm-
induced channel flow, etc., operating in each area are identified. Rates of erosion, transport, and
deposition are then calculated. Rather than calculating numerical values, erosion, transport, and
deposition rates may be ranked as low, medium, or high.

The magnitude, duration, and frequency of recurrence of storm events significantly
influences a watershed sediment budget. Areasin the watershed of awetland may serve as either
short-term or long-term sediment storage areas and should be distinguished from other areas
which serve as sediment source and transport areas.

Hydrogeology

Hydrogeology is defined here as those physical geologic processes which profoundly
influence the hydrologic cycle, particularly in the subsurface. The focus of this sectionison
properties of rocks, sediments, and soils which influence groundwater flow. Movement of. water
in the subsurface is discussed in Groundwater Recharge/Discharge (Chapter 3-2). Movement of
water on the earth's surface is discussed in the portions of this handbook pertaining to hydrologic
criteria.

Subsurface soil, sediment, or rock units which store and convey significant quantities of
groundwater (generally thought of as capable of supplying water to public and private wells) are
known as aquifers. Aquifers may be confined, unconfined, or perched. Water-saturated rocks
and sediments overlain by permeable material extending from the aquifer to the land surface are
termed a water table or unconfined aquifers. Water-saturated rocks and minerals overlain by an
impermeabl e confining layer are termed artesian or confined aquifers. If awell penetrates a
confined aquifer, water may rise above the confining layer, and in some cases, reach the earth's
surface. Thisindicates that the water in the aquifer is under pressure. The potentiometric
surface for a confined aquifer isthe level to which water would risein a series of wells that
penetrate the aquifer. In some areas, impermeable strata of limited areal extent occur in
generally permeable material. In such cases, water moving downward through the unsaturated
zone isintercepted by the impermeable layer and accumulates, forming a saturated zone. Such a
zone istermed a perched aquifer. Perched aquifers are common in glacial outwash where muds
of former lakes, ponds and wetlands have produced impermeable layers in the subsurface.

Groundwater and soil moisture occur in cracks, voids, and pore spaces in earth material and
therefore are of great importance in hydrogeology. Porosity is the percentage of a volume of
rock sediment or soil: that is devoid of material. In soils and sediment, porosity islargely a
function of grain size and degree of sorting, such that the larger the average grain size and greater
the degree of sorting (grading) the higher the porosity. Grain shape, however, can significantly
alter this general relationship. The smoother and more spheroid the grains, the more porous the
medium.
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As mentioned above, at least part of the pore space in sedimentary rocks has been filled with
rock cement so that the general relationship between grain size and sorting, and porosity is
atered. Transmission of groundwater through intrusive igneous and metamorphic rocksis
restricted to joints and fractures. Extrusive igneous rocks, such as lava flows and volcanic ash,
may have very high porosities.

Porosity is not necessarily a good indicator of a material's capacity to transmit groundwater.
Permeability is the capacity of rock, sediment, and soil to transmit water without impairment to
the structure or displacement components of the medium. Hydraulic conductivity is the measure
of the ability of fluid to move through earth material. The terms permeability and hydraulic
conductivity are commonly used interchangeably. As defined here, permeability is afunction of
the medium, whereas hydraulic conductivity is afunction of both the medium and fluid.
Hydraulic conductivity is equal to the discharge velocity under a hydraulic gradient of 1200% and
is measured as velacity (Cedergren 1989). Determining hydraulic conductivity is one. of the most
challenging aspects of hydrogeology.

Although there are laboratory methods to measure hydraulic conductivity of subsurface
samples, they actually only represent minute volumes of earth material at a limited. number of
points within alarge mass. Therefore field methods that eval uate responses to induced changes
in water levelsin boreholes are generally used to determine hydraulic conductivity. Well tests
used to determine subsurface permeability are of two general categories: 1) those that monitor
the response (i.e. change and rate of change in water levels) of well pumping in surrounding
observation wells, and 2) those that evaluate water-level response in the pumped well itself. A
wide variety of techniques and formulae are available for determining hydraulic conductivities
from pumping tests using surrounding observation wells (Heath 1983; Amoozegar and Warrick
1986; Cedergren 1989). Fetter (1988) provides further information regarding hydrogeologic
concepts and principles.

Geomorphic Trends

A landscape reflects the balance of atmaospheric, geologic, hydrologic, and biologic processes
acting on it at agiven point in time. The balance that exists between landforms and processesis
such that changes in the flux of materials and energy through the system change cause landforms
to adjust, causing further alterations in the input/output system.

L andscape systems adjust toward a stable condition in which continued inputs of energy and
materials no longer produce long-term changes in the system or its outputs. A systemin
equilibrium is one which processes materials and energy most efficiently. Dynamic equilibrium
isastate in which elements of the landscape rapidly adjust to fluctuations in the processes acting
onit (Ritter 1986). Dynamic equilibrium requires that inputs of energy and materials maintain
an average balance with outputs over time. If the balance is exceeded by long-term changes or
extreme events, systems react by changing in such away asto create a new equilibrium state
(i.e., toward a state in which the system is most efficient under the new set of conditions). The
point at which a system becomes so imbalanced that it begins to change toward a new
equilibrium state is known as athreshold. Threshold conditions are commonly brought on by
climatic events. The capacity of a particular climatic event to induce threshold conditions (i.e. its
ability to carry out work on alandscape system) depends not only on its intensity and duration,
but also on antecedent conditions. Recovery rate isthe speed at which a system regains
equilibrium conditions after a disturbance. Landscapes in disequilibrium contain areas with high
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rates of erosion or deposition, incised gullies and streams, and areas with high percentages of
pioneer vegetation.

Equilibrium implies that landforms and processes exist in an unchanging state, or within a
fixed range of conditions. In reality, significant changesin inputs, forms, processes, and outputs
do occur with time. Thus, equilibrium depends upon the time interval over which balanceis
being considered. Schumm and Lichty (1965) distinguished three different time scales for
evaluation of equilibrium which they termed steady, graded, and cyclic times (Figure 3-14).
Schumm and Lichty (1965) concluded that the perception of timeis critical to the understanding
of landform development and process, and that distinction between the time spansis essentia to
the perception of equilibrium. Steady time exists over abrief interval (days or months). Inthis
time framework, landforms do not change and therefore they are truly time independent (Ritter
1986). Processes that most influence landscape equilibrium at these time scales are stochastic
events such as storms, floods, and infestations. Graded time exists over perhaps hundreds to
thousands of years. Equilibriumin thisinterval incorporates changes in which offsetting effects
tend to maintain the system at some constant average condition. Processes that most influence
landscape equilibrium at graded time scales are climatic changes. Cyclic time exists over
perhaps millions of years. During time spans of this order of magnitude, fluctuating conditions
are not offsetting and the average condition of the systemis constantly changing. Processes that
most influence landscape equilibrium at graded time scales are related to the geologic history of
the landscape.

Because wetlands are generally low relief landforms, are subject to relatively wide variations
in water levels, are transitional between aquatic and terrestrial ecosystems, and are underlain by
unconsolidated sediment, they are commonly pulsed systems (Odum 1984; Niering 1987); that is,
they are subject to short-term, high intensity events which commonly cause broad changesin the
wetland landscape. These disturbances may be essential to the long-term capacity of awetland
to furnish a particular function. Because natural disturbances are commonly an integral process
in wetland landscapes, it isimportant to be aware of the types of natural and man-made
disturbances which may occur in alandscape. It is also critical to understand the magnitude,
frequency, and timing of such eventsin the consideration of their impact on the long-term
stability of the wetland and the ability of the wetlands to provide certain functions over time.
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Figure 3-14. Different time intervals and associated landscape equilibrium. A. Steady time with
no change in landscape form or process. B. Graded time with a long-term average for landscape
form or process but with periodic fluctuations above and below the average. C. Cyclic time with
gradual change in landscape form or process over long intervals. Landscape form and process
include such things as channel form and gradient, sedimentation and erosion rates, and hillslope
morphology. (adapted from Schumm 1977).
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3-6 Developing Site Designs’

Site Considerations

A viable conceptual design must consider site-specific conditions and constraints. Often,
final site selection is based upon the compatibility of a given site with the objectives of the
wetland restoration or creation project. This chapter presents general guidelines for developing
viable alternative designs for awetland site to assist in the selection of a project site and
corresponding design. The procedure assumes that initial site assessment analyses were
conducted and that information is available. The steps in the procedure are 1) establishment of
design criteria, 2) brainstorming, 3) formalizing conceptual designs, 4) design phase analysis, 5)
refinement of best designs, and 6) development of the final project design. These steps and the
initial site assessment are discussed briefly below.

Initial Site Assessment

Theinitial site assessment provides a database that reflects the existing site characteristics.
As stated previoudly, all designs should integrate existing site characteristics to the fullest extent
possible. However, some analysis of raw data gathered during the site assessment phase is
usually required to fully understand the existing site conditions. Such a data set is particularly
needed to analyze hydrol ogic conditions to accurately determine the amount of water available
for wetland creation or restoration. These analyses are frequently similar to later analysis
executed to support final design. However, they are usually less extensive and include
assumptions about a variety of site parameters that are too costly to determine for every
candidate site.

Brainstorming

Information gathered during the initial site assessment should offer some insight to solutions
to design challenges which exist at each site. A brainstorming session involving al of the
discipline specialists should be arranged to investigate possible site plans. The plans should
address the specific design criteria that have been established for the wetland project and focus
on achieving the project objectives. All potential solutions that come to mind should be
considered at this stage in the process.

1 By Donald F. Hayes
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One purpose of brainstorming sessionsisto express raw ideas in aforum where the merits
and problems of specific concepts can be discussed openly. An experienced specialist may be
able to immediately recognize flawsin a specific concept that otherwise would not be identified,
and may have specific objectionsto certain types of designs based on the requirements of the
target species. The brainstorming also encourages collaboration and exchange of ideas between
disciplines early in the design process.

Formalizing Conceptual Designs

Formal conceptual designs should be developed for the most promising alternatives.
Preliminary drawings and design cal cul ations should be prepared for each alternative to support a
fair and thorough comparison. Pre-design analysis providesinformation for preliminary design
of flow control structures, culverts, gates, levees, berms, and other engineering works. These
preliminary design calculations are essential to formalizing conceptual designs that can satisfy
the project objectives and that are feasible to construct. The resulting drawings and calculations
provide tangible evidence of each design's look and feel.

Oncetheinitial designs have been specified, sized, costed, and checked, alternative designs
should be evaluated by an assembled team of specialists. The merits and detractions of each
design can be debated, and the best designs selected for further refinement. It is recommended
that the group select no more than three alternative designs for further analysis. Suggestions for
improvements to the best design should be solicited from the reviewers. The group may need to
decide upon some specific criteriathat will be used for selecting the final design.

During this process, each design must demonstrate the ability to satisfy the design criteria
and requirements within the physical and economic constraints associated with the site. This
step of the design processis critical because it provides a quantitative estimate of the
construction, maintenance and operation costs that result from each alternative. Once
preliminary drawings and cal culations are complete for each alternative, cost, constructability,
and compatibility with project objectives can be compared directly.

Design Phase Analysis

Once the preliminary or conceptual design is complete, athorough analysis of how the
design fits within the ecosystem should be conducted. Post-construction hydrologic conditions
including innundation frequency, water depths, hydroperiod, and groundwater flow should be
carefully evaluated. It islikely that additional site datawill be required to support the actual
engineering design. Sections 4, 5, and 6 discuss data requirements for the three primary design
components - geotechnical, hydrology, and vegetation. Methods and procedures for gathering
these data are discussed in Section 2.
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Refinement of Best Designs

Sufficient analysis should be completed so that the alternative designs can be compared
fairly on the basis of costs, environmental impacts, and effectiveness. Based upon the design
phase analysis, the most promising designs can be refined to correct minor faultsin the original
designs, provide secondary objectives which were not included in the original conceptual design,
or improve the cost effectiveness of the design.

Final Design

Selection of the project site should be based on areview of the refined conceptual designs
and upon the ability of each design to cost-effectively provide the project objectives. Once the
project site and a conceptual design are selected, final design calculations, drawings, blueprints,
and construction specifications should be devel oped for the site. Design procedures for substrate
development, soils handling, hydrology, and vegetation establishment are provided in Sections 4,
5, and 6, respectively, of this handbook. Preparing the final designs may require that additional
data be collected to verify previousinformation or a more thorough site investigation may need
to be conducted.
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4-1 Introduction?

Soils and substrate are critical components of wetland ecosystems. They form the structural
vessel in which the wetland is formed and serve as abiological interface to support macro- and
microinvertebrates and microbial populations, to act as a medium for plant growth, and to
facilitate water quality improvements. Soils can form an impervious barrier to retain water
within the wetland or a pervious medium that allows groundwater exchange within the wetland
system.

Objectives and Scope

This section of the handbook presents and discusses design methods and requirements for
those elements of a wetland project involving soils. Design components related to substrate and
earth structures are discussed. The use of geotextilesin earthwork design and construction is
presented. The general soils-related design processis depicted in Figure 4-1.

Engineering effort for site investigations and design for earthworks must be consistent with
the size and complexity of the project. Wetland projects are rarely as life-threatening or costly as,
for example, amajor dam or bridge. The emphasis of this section is on relatively easily made
designs using simple, standard methods, for use on small to moderate-sized projects where the
cost of amore rigorous engineering effort far outweighs the potential cost savings. For fairly
large projects, however, where more complex engineering subsurface investigation methods and
design procedures will provide a definite cost effectiveness, the recommended methods presented
in this section of the handbook should be replaced, where appropriate, by the more demanding
methods.

The remainder of this section presents design considerations for substrates and for earth
structures as part of awetland restoration or creation.

Chapter 4-2 discusses substrate characteristics and devel opment for wetland projects.
Substrate design considerations, potential sources of substrate, and seedbanks contained within
hydric soils are also discussed. The chapter presents astrong list of recommendations related to
the development and placement of substrates at the wetland site.

1 By Mallory N. Gilbert, S. Joseph Spigolon, and Donald F. Hayes
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Chapter 4-3 deals with dikes and levees for water retention or control. Simplified
geotechnical design methods are given. Topicsinclude foundation stability, dike geometry, slope
stability, seepage control, and erosion protection of completed slopes.

Chapter 4-4 addresses the use of geotextiles in wetland earthwork structures. The use of
geotextiles for soft ground reinforcement and for erosion protection are explored. Geotextile
materials and specification requirements for various geotextile functions are discussed. Also
included is a discussion of the use of geotubes in wetland projects.

Distinction between Subgrade and Substrate

During the planning and design of wetland restoration and creation projects, the soil science
and engineering professions tend to view soils from rather different perspectives. Engineers
view soil as a structural material that supports loads and resists erosion. While soil scientists are
also concerned with the physical aspects of soils, their discipline further emphasizes the
biological functions of soils and their importance as a medium for plant growth. Thus, two
different, yet interwoven, perceptions and definitions of the soil components of wetland systems
exist. Thishandbook distinguishes between the two by referring to the plant growth and
biological medium as “ substrate” and the collective soil matrix (i.e., extending below the A-
horizon) that provides structural support as “subgrade.” Thisdistinction isillustrated in Figure
4-2 and further refined below. Because “ substrate “ materials al so possess engineering properties,
it isimportant to recognize that the vertical demarcation between substrate and subgrade is often
indistinct or overlapping in many wetland systems.

Of primary concern are the physical properties (the geotechnical engineering aspects) of the
soils as they apply to site selection and construction of the wetland system. Equally important are
the soil chemical and biological properties that influence the types of plant communities and
other organisms that are planned or anticipated in the restored or created wetland system. The
term substrate is used to refer to the part of the soil matrix that provides physical support for

WETLAND - SOIL INTERFACE
* SUPPORTS BIOLOGICAL & CHEMICAL SOIL FUNCTIONS

® “LIVING” SOIL - SERVES AS A BIOLOGICAL INTERFACE
® SERVES AS A ROOTING MEDIUM
* PROVIDES SURFACES FOR MICROBIAL ACTIVITY

SUBSTRATE

* PROVIDES SITES FOR CHEMICAL EXCHANGE

® SUPPORTS STRUCTURAL SOIL FUNCTIONS

® LIVING SOIL - SERVES AS THE BIOLOGICAL INTERFACE
¢ FORMS THE WETLAND “VESSEL”

® SUPPORTS PHYSICAL FUNCTIONS (e.g., GW EXCHANGE)

MWETLAND SOILS
SOIL

Figure 4-2. Distinction of wetland soil functions and nomenclature.
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plants, a medium for macro- and microinvertebrates, microbial communities, and as a gradient
through which nutrients are supplied for plant growth. Nevertheless, the engineering properties
associated with the substrate must also be acknowledged in the wetlands design process. By
definition, the created or restored wetland substrate is most frequently oriented above (or isthe
upper part of) the wetland subgrade.

As part of their function as the structural “vessel” for the wetland the subgrade soils must
have an appropriate hydraulic conductivity to either hold water or allow groundwater exchange
depending upon the source(s) of wetland hydrology. In either case, the subgrade soils may not be
acceptable for use as awetland substrate. Soils which provide the desired engineering structural
support may prove to be too dense or impermeable to allow plants to take root or may be too
pervious to support hydrophytes during periodic drawdowns. Additionally, the organic matter
content of these soils may not be sufficient to support microbial activity or chemical exchanges
necessary for some wetland functions. Since most wetland designs will include rooted
vegetation and will perform functions that depend upon microbial activity in the substrate, a
separate soil layer with properties conducive to plant growth and capabl e of supporting other
wetland functions may have to be provided. Case studies where substrate materials have been
applied successfully (Gilbert 1995) show that 15 -30 centimeters of substrate material over a
prepared subgrade is sufficient for most emergent and scrub/shrub wetland systems. Subgrade
and substrate materials should be placed so that the upper surface elevation of the wetland
substrate soils will correspond to the desired finish elevations of the constructed or restored
wetland area (Figure 4-3).

As noted above, soil subgrade and substrate can be indistinguishable in certain
circumstances. For example, the hydrology of wetlands in the sandy Florida Gulf coastal plainis
often groundwater dominated. Wetland plant species commonly desired in this area are well

SUBGRADE

— — LOW, MEAN, AND HIGH WATER TABLE DEPTHS

CONSTRUCTION NOTES:
1. SUBSTRATE SURFACE SHOULD BE PLACED TO
WITHIN 15 CM (6 IN) OF LOW WATER TABLE
2. SUBSTRATE AND SUBGRADE MAY BE ONE AND THE SAME
3. A WATER CONTROL STRUCTURE(WEIR) MAY BE NECESSARY TO
MAINTAIN WATER SURFACE - ALLOWS MORE PREDICTABLE “ZONATION"
FOR HYDROPHYTES

Figure 4-3. Conceptual diagram of a wetland with predominantly groundwater-driven
hydrology with distinct subgrade and substrate layers.
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adapted to the uniform, sandy native soil profile. In this situation, wetlands can often be created
by simply excavating and regrading the deep sandy soil materials found on site. In these cases, it
may not be necessary or desirable to install a specialized substrate to support targeted plant
species. In this example, the finished grade of the bottom contours (subgrade soil elevations)
would also correspond to the elevations of the new wetland substrate (the growth medium)
(Figure 4-4).
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4-2 Substrate Characteristics
and Development*

Soils function as part of the wetland ecosystem as well as the structural vessel for the
wetland itself. In their structural role, soils can function to perch and hold wetland hydrology or
serve as a pervious medium that allows groundwater to move into, through, and out of a wetland
system. In addition, soils serve as abiological interface to support macro- and
microinvertebrates, microbial populations, act as a medium for plant growth, and facilitate water
quality improvements.

Most of the chaptersin this section discuss physical characteristics of soils asthey apply to
the engineering aspects of wetland construction. Asthese chaptersillustrate, even the most
intricate planting plan (vegetation) coupled with a generous volume of groundwater and surface
runoff water (hydrology) cannot always be expected to overcome a pervious substrate (soils).
Therefore, the geotechnical aspects of soils are acknowledged as critical to the success of
wetland restoration and construction. Nevertheless, to balance the discussion of soilsin the
context of the constructed or restored wetland setting, the importance of the biological aspects of
soils must also be addressed. Persons involved in this applied science must, therefore, be
cognizant of both the engineering and biological functions of soils as unigque but interconnected
components of wetland systems. To reinforce this concept, a differentiation between soils as
structural components of constructed wetlands and soils as sites of biological activity must be
made. As discussed in Chapter 4-1, soils providing structural support are referred to herein asthe
subgrade while the soils providing biological and chemical support to the ecosystem are referred
to as the substrate. This chapter focuses exclusively upon the characteristics of wetland substrate
and methods for devel oping or enhancing substrate for wetland restoration or establishment.

Substrate Characteristics

Intheinitial phases of wetland restoration or establishment, the wetland substrate serves
primarily as a medium for the growth of hydrophytic plant species. However, given time, the

1 By Mallory N. Gilbert
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substrate is expected to perform the same functions that are apparent in naturally occurring
wetlands.

In most cases, the biochemistry and ecology of functioning wetland systems are driven
largely by processes associated with wetland soils. The soils house the microbes that mobilize
the nutrients that feed the plants that filter the sediments that provide the habitats that grow the
insects that feed the fishes that feed the ospreys, etc. Asillustrated here, the substrate is critical
to the success of the project and the potential functions that can be provided by the wetland
system.

In the last several years, ecologists have acquired a profound appreciation of the influence of
soils on the flora, fauna, structure, and functions of various ecosystems. The origins of soil
parent materials, soil physical and chemical properties, and the composition of soil microbial
and invertebrate populations are recognized as critical elements that must be investigated in order
to understand the complexities of any particular ecosystem. Primary differences between upland
and wetland soils are the result of periodic or long-term anaerobic conditions (reviewed in Mitch
and Gosselink 1993; McKee and McKevlin 1993). The reducing conditions that occur in most
wetland soils influence several biochemical transformations that are unigque to anaerobic
environments.

For microorganisms to flourish in soils, there must be afood source to sustain the microbial
populations. Under aerobic conditions, organic matter that accumulates on and within soilsis
consumed (oxidized) fairly efficiently; however, as soils become fully saturated, oxygen
diffusion is slowed dramatically. The oxygen demand that results following saturation rapidly
depletes available oxygen in the substrate. Anaerobic conditions ensue and a “turnover” of
microbial populations occurs. Because resulting anaerobic microorganisms are not as efficient in
their consumption of organic matter (anaerobic decomposition has been reported to be only 10
percent of aerobic decomposition) and wetlands generally have higher biomass production than
upland areas (Hammer 1992), organic materials tend to accumulate on and within the wetland
substrate. Although many naturally occurring wetland systems go though predictable cycles of
“drawdown” during which their substrates return to aerobic conditions for several days, weeks,
or months, organic matter content of wetland soils remains considerably higher than that noted in
nearby upland soils. The organic matter content of naturally occurring mineral wetland soils can
be as much as 30 percent (Mitch and Gosselink 1993) while mineral upland agricultural soils
tend to average from 3 to 6 percent (Brady 1974).

Because organic matter tends to accumulate in wetland soils, the wetland substrate in turn
becomes a“sink” for nutrients and contaminants held in the undecomposed organic materials.
Anaerobic substrate conditions also drive chemical transformations of sulfur, carbon, nitrogen,
phosphorus, iron, and manganese and are responsible for processes such as methanogenesis
(reviewed in Mitch and Gosselink 1993, and references therein). Many of these transformations
occur as aresult of microbial populations that become active under anaerobic conditions. Other
populations of microbes are known to be digesters/consumers of various pollutants and assist in
the bioremediation of sediments. In fact, some wetlands are being constructed specifically to
treat pollutants associated with waste water treatment plant discharges (Hammer 1989; Moshiri
1993).
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In addition to the dynamics of the microbial populations, the specific chemical
transformations that occur in the substrate are also dependent on pH and redox potential
(reviewed in Mitch and Gosselink 1993, and references therein). In particular, pH influences the
solubility of various chemicals and their mobility in the soil (i.e., iron, aluminum, and
manganese). The form and chemical structure of the compounds at various pH’ s and redox
potentials will in turn affect the chemical and biochemical interactions that occur in microbial
communities and at the soil/root interface (Black 1968). Asillustrated, these processes are
complex and may not only vary from wetland to wetland, but may vary greatly within afew
meters in what appears to be afairly uniform wetland plant community.

The state of the art of wetlands construction does not necessarily allow the wetlands designer
to predict accurately how or at what level these diverse chemical and biochemical interactions
are likely to occur in anewly constructed wetland system. However, the designer should be
aware of these processes and their importance to the form and function of the wetland system.
Mitch and Gosselink (1993), Faulkner and Richardson (1989), and others provide excellent
overviews of the biochemistry of various wetland systems and interested individuals are
encouraged to review these references and other citations therein.

As aresult of increased organic matter content and the colloidal nature of many of the
mineral sediments that are trapped in most wetland systems, wetland soils frequently have higher
cation exchange capacities than upland soils. The higher cation exchange capacity in turn
increases the potential of wetland substrates to bind nutrient cations and pollutants.

In general, nutrient availability islow in organic soils and peat-building wetland systems
(where carnivorous plants have adapted by seeking “other” nutrient inputs). However, wetland
systems with mineral soils tend to cycle greater volumes of water and have more diverse offsite
hydrology inputs. Asaresult, the amount of nutrients available for plant growth tends to be
higher (Mitch and Gosselink 1993). The pH of most mineral soil based wetland systems tends to
be circumneutral while organic soils tend to be much lower in pH. The lower pH of the organic
soilsis often attributed to microbial activity that produces organic acids.

The physical characteristics of naturally occurring wetland substrates vary with the
geomorphic setting in which they are found. Substrate textures may range from sands and sandy
loams to clays and true organic soilsin avariety of landscape positions and natural settings.
Permeabilities of natural wetland substrates can vary greatly also, but nearly all substrate
materials provide areasonably good rooting medium for hydrophytic plant species.

Studies of how species specific rooting depths are correlated with soil bulk density, nutrient
availability, and fluctuating versus stable hydrologic conditionsin wetland soils are difficult to
find. Although these data would be helpful in providing additional guidelines for substrate
development, most of the research in these areas has been focused on upland agricultural crops.
For example, roots of upland species are known to have difficulty penetrating naturally occurring
fragipans, densetill, and mechanically induced “plow-pans’ in agricultural settings. In general,
plant roots tend to penetrate deeper into upland soil profiles because the plants are seeking water
and nutrients in addition to mechanical support. Rooting of upland plant speciesis known to be
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affected by soil porosity which in turn affects the diffusion of oxygen, and nutrient availability
(Brady 1974). Therefore, highly compact or dense soil layers (higher in bulk density) tend to be
“physiological” aswell as“physical” barriers to root development in upland soils. (This
condition should not be overlooked when preparing the substrate of a constructed or restored
wetland system for planting or seeding. Excessive compaction by heavy equipment should be
avoided.)

Pore size distribution in soilsis influenced by bulk density and can also be correlated with
root development. For example, extensive root development is possible in sandy soils that have
relatively high bulk densities but ample “ macro-pore space”. On the other hand, certain clay
soils with poor structural development may have bulk densities 30 to 40 percent less than sandy
soils and significantly higher total porosity. In spite of higher total porosity, root devel opment
in“tight” clay soilsislikely to be inhibited because of alower percentage of “macro-pore
space.”

Because hydrophyte physiology allows many wetland plants to supply their own oxygen via
internal transport to root tissues, the physiological barrier presented by dense soils may not be as
pronounced in wetland settings. Nevertheless, seedlings and planted materials must become
established on constructed wetland sites. Therefore, research on the effects of soil bulk density
and pore size distribution on hydrophyte establishment and root growth/development in wetland
substrates would be helpful in establishing upper limits of compaction that can be tolerated
during wetland construction.

In many natural wetland situations, water is abundant throughout most of the growing
season. However, casual observation of emergent wetlands that experience regular drawdowns
and seasonal fluctuations in water table suggests that water table depths have a significant
influence on depth and lateral distribution of rootsin the soil profile. Vertical rooting depth
appearsto increase where the roots must go deeper to follow aretreating water table during
seasonal drawdowns. As such, the wetland designer must acknowledge the influence of
hydrology on potentia rooting depths in the constructed wetland. In time, even awell compacted
clay liner designed to perch water may be vulnerable to root penetration or windthrow damage
caused by the toppling of larger woody plants. Unless the hydrologic design can be modified to
overcome erratic changes in water table depth, awetland constructed as a perched
seasonal/vernal association may revert to upland habitat if the perching liner is breached.

Data on soil water availability to hydrophytes and the “ permanent wilting points’ of various
hydrophyte species would be helpful in fine-tuning substrate specifications for constructed
wetlands. However, while research in this areais being considered,* published data are difficult
to find. Some researchers have shown that the addition of organic matter to constructed wetland
substrates can be effective in increasing the water holding capacity of wetland soils (Stauffer and
Brooks 1992). Nevertheless, drawdown of the ground water table during the growing season is
likely to result in the depletion of available soil water, even in substrates with ample organic
content. When hydrophytes reach their “ permanent wilting points,” the substrate should not be
expected to compensate for inadequate hydrologic conditions. Thus, even when planning the
details of the constructed wetland substrate, the wetland designer must not loose sight of the

1 Personal Communication 1994: Rick L. Day and Keith Goyne, Department of Agronomy, The Pennsylvania State
University, University Park, PA regarding research proposed to determine the permanent wilting point of selected hydrophyte
plant species.
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importance of hydrology. The reader should refer to Section 5 of this handbook for a complete
discussion of hydrologic design and water budget calculations.

Currently available literature is not consistent in its appraisal of substrate material for usein
constructed wetlands in all regions and territories of the United States. Successes range from
simple hydration and supplemental fertilization of what is on the site at the time of finish grading
(Garbish 1994) to the physical relocation of an entire wetland to a designated replacement area
by “scooping” out uniform numbered sections and carrying them (more or less intact) to the
replacement wetland site.

In spite of the lack of specifics on substrate requirements for constructed wetlands, the
scientific literature does provide us with data on the characteristics of soilsin existing wetland
settings (reviewed in Mitch and Gosselink 1993, and references therein). Although many of the
published studies are site- and/or species-specific, there is a reasonable amount of information
available on the physical and chemical make-up of naturally occurring wetland substrate
materials. Furthermore, scientists have been working to consolidate thisinformation into tabular
formats that can be used to show trends and express generalizations. As noted above, Mitch and
Gosselink (1993) provide an excellent overview of a number of wetland ecosystems and
effectively present the dynamics of wetland substrate and chemical changes in each. The reader
isreferred specifically to Table 4-6 (p. 94), Table 5-1 (p. 117), and Table 5-9 (p. 152-153) in
Mitch and Gosselink (1993). Substrate conditions are also discussed in some detail in
publications addressing wetlands constructed specifically for wastewater treatment and/or water
guality improvement (Hammer 1989; Moshiri 1993; Olson 1993, and references within). In
addition, the pool of regional information available islikely to increase in the near future. The
influence of site- or region-specific variables on the types of wetland systems possible in
different geomorphic settings reinforces the need for specialized regional approachesto this
science (e.g., addressing the accumulation of soluble salts and resulting salinity dynamicsin the
substrates of restored and created wetlands in various parts of the western United States).

The Pennsylvania State University Cooperative Wetlands Center has been planning to test
and monitor the development of a number of experimental substrate “mixes’ of various organic
matter amendmentsin a constructed wetlands.?® In addition, a number of other constructed
wetlands proposed in various parts of the country also are expected to be built using
supplementary organic matter amendments such as composted |eaves, animal manures, sewage
sludge, wood pulp fibers, etc. Monitoring substrate functionsin existing wetlandsis helpful in
designing constructed wetlands in similar settings (Vepraskas et al. 1994). Nevertheless, asthis

1 Personal Communication 1995: Bernard G. Swegman, Chief, Surveillance Section, U.S. Army Corps of Engineers
Pittsburgh District regarding observed unique approaches to wetlands restoration.

2 Personal Communication 1994: Robert P. Brooks, Director, Penn State Cooperative Wetlands Center, Forest
Resources Laboratory, The Pennsylvania State University, University Park, PA regarding experimental substrate treatments
(organic matter amendments, etc.) proposed for a constructed wetland demonstration project planned for construction near Lock
Haven, PA.

3 Personal Communication 1995 Rick L. Day and Keith Goyne, Department of Agronomy, The Pennsylvania State
University, University Park, PA regarding experimental subgrade/substrate treatments proposed for same site referenced above.
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science develops, a move should be made away from experimental attempts to the devel opment
of regional standards for acceptable materials and procedures for substrate devel opment.
However, thisfield is still young and some degree of experimentation should probably be
encouraged for quite some time. Undoubtedly, costs will influence the ultimate choice of the
more desirable techniques.

Substrate Design

Designers must focus on the primary functions the substrate is expected to performin the
constructed wetland. In short, the substrate must be a reasonably good medium to anchor and
sustain targeted plant species; and it must be suitable to harbor the microbial populations
responsible for diverse nutrient and chemical transformations that are unique to
anaerobic/wetland conditions.

In al cases, substrate design should include evaluations of naturally occurring wetland
systemsin similar settings . Within reason, mimicry of anatural wetland system is desirable. The
reference wetland should be located as close as possible to the anticipated construction or
restoration site and should be accessible for data collection and evaluation. Soil parameters such
astexture, permeability, bulk density, percent organic matter content, pH, cation exchange
capacity, salinity (concentration of soluble salts expressed in units of electrical conductivity) and
nutrient content may be evaluated. Rooting depths of dominant plant species should also be
noted; these are helpful in planning substrate depths for the proposed wetlands construction site.
In addition to the tests noted above, standard agronomic soil tests for agricultural crops and/or
erosion control practices also can be completed. Designers are cautioned not to place too much
emphasis on the results of these standard agronomic soil tests. Since they are largely for aerabic
systems, they can provide good information about the availability of nutrients for upland plant
species, but do not necessarily reflect nutrient availability under long-term saturated and
anaerobic conditions. Nevertheless, quantitative information obtained on calcium, sulfur,
magnesium, phosphorus, potassium, and various trace elements can be helpful in the design
process. Potential substrate materials should also be subjected to the same suite of soil testsfor
comparison with the substrate in the reference wetland.

While not necessary, it is usualy convenient and more efficient if the wetland system used
as areference for substrate design is used for observation and monitoring of other wetland
components as well. Section 7 discusses the selection and use of reference wetlands for design
and evaluation purposes.

Designers should also explore species-specific or unique local substrate characteristics that
should be included in the constructed wetland system. While these may be relatively minor
adjustments, they can be essential to successful establishment of targeted plant species. For
example, some hydrophytes are known to require the presence of specific symbiotic
microorganisms (e.g., mycorrhizal fungi) on and around their roots to grow vigorously and
flourish. If the need for the species-specific microbesis known, the roots of the targeted plants
can be inoculated at the time of planting, or plugs of hydric soils that are known to contain the
organisms can be transferred directly to the constructed wetland area. With a basic understanding
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of the substrate conditions in the reference site and knowledge of the minimal requirements of
the targeted wetland plant communities, the constructed or restored substrate can be better
designed.

Target Substrate Features

As stated above, substrate materials for constructed wetlands should provide a good rooting
medium for mechanical support and anchoring of emergent and aquatic species. They should be
dense enough to remain consolidated following hydration but should not be so dense that initial
rooting isinhibited. If placed over an existing subgrade, the substrate materials must be deep
enough to allow for firm rooting without concern for “peeling off” from a denser layer below. If
possible, substrate materials should also be capable of supplying a minimal amount of nutrients
to aid in establishment of target plant species and should contain enough organic matter to
sustain microbia populations. At the present time, studies indicate that with the onset of
anaerobic conditions appropriate changes in the microbial populations will occur naturally and
are followed by a gradual increase in the degree of observable chemical transformations and
other wetlands related functions noted above (Vepraskas et al. 1994, 1995). |n monitoring
studies conducted at the Des Plains River Wetland Demonstration Site, Vepraskas et a. (1994,
1995) reported that the soil substrate along the edge of a deep-water marsh constructed in 1989
had developed chemical characteristics of hydric soilswithin three years of establishment. The
substrate was shown to be accumulating phosphorus, and water analyses showed that reduction
of nitrate and iron occurs during the growing season. Other work at the Des Plains site has
shown the soil substrate of awet prairie constructed in 1992 to be devel oping redoximorphic
features where organic matter contents exceeded 4 percent (V epraskas et al. 1994, 1995).
Although, these data tend to support the observation that substantial organic matter amendments
(10 to 50 percent) may not be necessary at the time of construction, further research in these
areas should provide more specific datarelated to various substrate materials and treatments.

Potential Substrate Materials

In natural wetland associations, native soil substrates are generally classified as either
organic (> 20 to 30 percent organic matter* content by weight, depending on clay content) or
mineral (< 20 to 30 percent organic matter content by weight, depending on clay content). To
date, there has probably not been a successful creation of afunctioning organic soil-based peat-
building wetland system (bog or fen). Andreas and Host (1983) documented the natural develop-
ment of abog in an abandoned sandstone quarry in northeastern Ohio. However, this bog
apparently developed over a period of approximately 70 years and the exact conditions leading to
its development are not documented. Others have been pursuing the restoration of various

! sail organic matter isdefined as. “ the organic fraction of the soil that includes plant and animal residues at various
stages of decomposition, cells and tissues of soil organisms, and substances synthesized by the soil population. Commonly
determined as the amount of organic material contained in a soil sample passed through a2 - millimeter sieve.” (Brady 1974).
Measured percent organic carbon is multiplied by 1.72 to obtain the approximate percent organic matter of a soil sample.
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Spohagnum species in former peat mine areas in northern New England.® Considerable researchis
still needed regarding the feasibility of short-term construction of these types of systems.

Mineral soils are currently the substrate materials most commonly employed in successful
wetland construction projects. However, there are a number of options being promoted by
various experienced wetland designers. Some options to consider include, but are not limited to,
the following :

a. Use of hydric soils salvaged from the wetland area to be replaced or other wetland
sources. Hydric soil can be spread or “mulched” on the surface of the constructed
wetland area as an “inoculant” or can be placed in bulk fashion in aroughly 1:1 ratio of
area and depth.

b. Use of upland mineral topsoils. In this case, topsoil isloosely defined to be the darker,
surface soil layer(s) which may include portions or al of the 0, A, Ap, E, Bh, Bs, Bhs
and AB soil horizons.

c. Use of the existing subgrade with supplemental fertilization.

d. Useof dredged materia as a“beneficial use’ application.

e. Application of livestock manure as a soil amendment to existing mineral subgrades.

f.  Application of sewage sludge as a soil amendment to existing mineral soil subgrades.

g. Use of organic amendments such as composted leaves, bark, sawdust, pulp, etc. These
may be used individually, in various combinations, or with slow release fertilizers as
amendments to mineral soil subgrades.

h. Various combinations of the above.

Organic Matter Amendments to Mineral Soils

Organic matter amendments such as those noted above may be helpful in improving the
initial establishment of wetland vegetation (Stauffer and Brooks 1992). However, the
identification of sources of the organic materials and the recommended rates of application are
still somewhat experimental. As aresult, coordination with local, state, and Federal regulatory
agencies is encouraged, especially when considering sludge applications, manure applications,
and the use of residual industrial materials such as pulp or cellulose fiber. Application of these
materialsis likely to require specia permitting by state and Federal agencies, especialy if they
are to be applied to “Waters of the United States.” In addition, the application rates of organic
materials should be adjusted carefully to avoid compromising the ability of the substrate to
support the root systems and stems of targeted plant species. Large amounts of organic material
incorporated in amineral substrate may affect the cohesion and structure of the soils and affect

1 Personal Communication 1994: B. K. Andreas, Cuyahoga Community College, Highland Hills Village, OH
regarding reclamation of “Harvested Peatland” in Maine. See Nilsson et al. (1990).
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the soil’ s ability to provide mechanical support and a stable rooting medium for larger woody
plants.

While al of the above options for organic matter amendments have their benefits,
supplemental applications of organic matter are probably not necessary if the only objectiveisto
rai se the percent organic matter content of the substrate. If the substrate is already an acceptable
rooting medium, will remain well hydrated throughout the year (does not experience prolonged
periods of drawdown and aerobic conditions), and has sufficient nutrients available to establish
wetland plants, the surplus biomass produced by most hydrophytesis likely to result in a natural
increase of the percent organic matter content of the substrate within afew years of the wetland
establishment (Garbish 1994).

Nevertheless, increased organic matter content at the time of planting can be beneficial.
Additional organic matter should increase the cation exchange capacity of the wetland soils
(improve fertility), “lighten” the rooting medium for easier planting and root growth (if not over-
applied), and improve the water holding capacity and drought resistance of the substrate during
seasonal drawdown periods (Stauffer and Brooks 1992). Sludge materials, manures, and
composted organic materials will also provide some nutrients to improve the probability of
successful plant establishment. Current monitoring data indicate that substrates with > 3 percent
organic matter content may be able to support the initial microbia populations necessary to start
normal wetland substrate functions. In addition, soil redoximorphic features are reported to have
developed after the first flood event in wetlands constructed in a floodplain where the substrates
contain > 4 percent organic matter content (V epraskas et al. 1994,1995). However, Vepraskas
et a. (1994) expressed concern that plant utilization of reserve phosphorus in soil substrates of
newly constructed wetlands may result in phosphorus deficiencies within 2 to 3 years. Asa
result, long-term maintenance of wetland vegetative communities may depend as much, if not
more, on plant nutrient import in floodwaters or from watershed runoff asit does on theinitial
organic matter content of the constructed wetland substrate.

The use of raw organic materials low in nitrogen concentration (such as sawdust) as substrate
amendments should generally be avoided. While the raw cellulose materials provide a carbon
source for microbes, nitrogen availability is often low (an unbalanced carbon:nitrogen ratio). As
microbes respond to the food supply, their populations increase and in turn compete aggressively
for available nitrogen. Asaresult, fixation of nitrogen that would normally be available for the
growth of higher plantsis more likely to occur. If nitrogen fixation is an objective of the wetland
construction (i.e., removal of excess N in adeliberate water quality improvement scenario), the
addition of surplus organic matter may be entirely appropriate (where the feeding microbes will
be employed to fix the surplus N). However, the designer must recognize that the availability of
N to the plant community is likely to be compromised in these situations.

1 Personal communication 1995: S. M. Mclninch, Environmental Concern, Inc., St. Michaels, MD regarding use of
organic matter amendments in substrates of constructed wetlands.
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Where nitrogen fixation is not a primary objective and organic amendments are planned,
some suggest that supplying supplemental nitrogen amendments with raw organic materials can
yield promising results. Nevertheless, the use of well composted organics would still be preferred
until published data can demonstrate the success of the nitrogen amendments. In addition, itis
important to remember that alow fertility wetland system may, at times, be the “target” wetland
that is being planned and constructed. In thisinstance, raw organic amendments to the substrate
may be entirely appropriate.

The value of adding organic amendments to constructed wetland substrates appears to
increase with the probability that the wetland is likely to experience significant or prolonged
periods of drawdown during which the substrate dries and returns to aerobic conditions. Under
such conditions, organic matter appears to improve the survival of the hydrophytes by both
providing a protective mulch and by increasing the water-holding capacity of the substrate.
Nevertheless, it isimportant to recognize the potential for organic amendments to decompose
more rapidly under aerobic conditions. Unless the constructed wetland is capable of producing
sufficient biomass to offset the decomposition losses, the longevity of the beneficial effects of
the organic amendments may be limited. When constructed wetlands have been designed with
adequate or surplus hydrology and hydration can be sustained throughout most of the year, the
value provided by organic amendments may not be as apparent especially if thereis aready
sufficient organic matter in the substrate to support active microbia populations. Putham and
Brown have overseen the restoration of well over one thousand acres of Pennsylvania “prior
converted” wetlandsin their management of the U. S. Fish and Wildlife Service “Partners for
Wildlife” program. Their observations suggest that organic matter amendments are probably not
as important to successful restoration as proper hydrologic design.*

Beneficial Use of Dredged Materials

Dredged materials removed from saltwater, brackish, and freshwater navigational channels,
harbors, and marinas have been shown to be highly successful substrate materialsin a number of
applications. However, acquisition, testing, and transfer of these materials may have to be
coordinated directly with and through local U.S. Army Corps of Engineer District Offices.
Where these materials are no longer readily available, there may be some opportunity to access
older, non-regulated upland stockpile areas. Depending on the source of the sediment, the
chemistry of dredged materials can change dramatically upon reoxidation. Therefore, thorough
testing of the dredged materialsis recommended prior to planning for their use. EM 1110-2-
5026 (USACE 1986) provides an excellent overview of the potential for use of these materials as
well astheir limitations and possible problems.

Use of Existing Soils

Where existing or manipulated subgrade/substrate soils already present on a site can serve as
reasonably good rooting media, effortsto apply additional substrate materials are probably

1 Personal communication 1995: D. J. Putnam, and D. F. Brown (managers of the U. S. Fish and Wildlife Service
coordinated “Partners for Wildlife” wetlands restoration program in the Commonweal th of Pennsylvania) regarding hydrology
design and organic matter amendments for restored and constructed wetlands in Pennsylvania.
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excessive and largely unnecessary (Garbish 1994). These conditions are more likely to be
encountered in coastal groundwater driven wetland systems or tidal situations where the textures,
densities, and pore size distribution of soil profiles do not limit root penetration, where thereis
sufficient nutrient import to the wetland system on aregular basis (tidal exchange, upstream
nutrient recharge, etc.), and establishment of wetlands hydrology is not dependent on “ perching”
of water above a slowly permeable subgrade. In addition, certain “permanently flooded” non-
tidal situations may also allow for little or no substrate preparation. However, assuming that
documentation of substrate functionsis an objective in addition to plant establishment, a critical
concern may be to ensure that there is enough organic matter in the upper 15 cm of the soil to
sustain microbia populations while the planned plant communities are becoming well
established. In some cases, organic matter increases will follow the successful establishment of
the plant community - perhaps within ayear or two. Thus, the benefits of applying supplemental
organic matter is somewhat debatable. For wetlands that will be planted, Garbish (1994)
recommended supplemental fertilization with slow release fertilizers such as Osmocote™ or
Agriform™ at the time of planting.

Subgrades associated with highly disturbed sites such as surface or strip mined areas,
frequently will present as good physical rooting mediums but may have other problems
associated with iron, sulfur, and other chemical compounds that can become highly acidic upon
hydration or may be potentially toxic in high concentrations. Samples of the proposed subgrade
and substrate materials should be analyzed carefully during the investigative phase of the
planning process. Release and stability of various chemical compounds under anaerobic
conditions and the influence of alternating aerobic and anaerobic conditions on the substrate
chemistry should be investigated. In these circumstances, the services of an agronomist, soil
scientist, or mining chemist could be extremely beneficial.

Organic matter amendments are generally beneficial when working with mine spoils.
However, mine spoil areas present special problems, and the dynamics of functioning wetland
systems in these areas should be understood before design decisions are made (Hammer 1989,
Moshiri 1993).

Upland Topsoil versus Wetland (Hydric) Topsoil

Among experienced wetland designers, there are advocates of the use of both upland topsoils
and hydric soils (separately or in combination) as potential substrate materials (Gilbert 1995;
Pierce 1989). The practice of “mulching” with hydric soils gleaned from donor wetlands has
been encouraged in some Corps Districts for severa years. On the other hand, the use of upland
topsoils as desirable or preferred substrate materials has been gaining in popularity.

Some of the advantages and disadvantages of upland and hydric topsoils as substrate
materials are highlighted below.

General

a. All naturally occurring topsoils (upland and hydric) contain seedbank materials.
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b. Seedbank materials found in upland topsoils rarely survive in areas with prolonged wet

conditions. As such, upland seedbank materials generally do not compete effectively
with introduced, planted, or volunteer hydrophytes.

Seedbank materials found in hydric soils are usually adapted to wet conditions and, if
able to germinate, frequently have been observed to become aggressive colonizers.

Hydric soils from functioning wetland systems similar to those planned for a particular
wetland construction project are known to have microbial populations capable of
performing wetland substrate chemical transformations. However, inadvertent
“composting” of hydric soils gleaned from donor sites may occur if long-term stockpiling
isdonein aerobic conditions. The reoxidation of the hydric soils can result in fairly
rapid decomposition of organic matter which in turn generates heat. If the soil becomes
hot enough, the “ composting” may have the effect of killing much of the microbial
population as well as significant portions of the hydric soil seedbank. As such, long-
term stockpiling of hydric soils may not be advisable. (Upland topsoils stockpiled for
several weeks or months also may be subject to similar composting effects.)

Percent organic matter content in both upland and hydric soils is usualy sufficient (> 3
percent by weight) to sustain healthy microbial populations.

Advantages of Hydric Soil Seedbanks

They are dominated by native and/or locally adapted plant species.
The dominant seedbank materials are adapted to wet conditions.
They often provide rapid vegetative cover by hydrophytes.

Hydric soils usually contain ample organic matter to sustain microbial populations
associated with wetlands functions.

Under the right conditions, transferred hydric soil substrates can provide a means of
mimicking a disturbed wetland plant community. (Proceed with caution. See section
below.)

Disadvantages of Hydric Soil Seedbanks

a. Frequently, the wetland designer will have no idea what species are included in the
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seedbank materials (unless time is taken to germinate samples under controlled
conditions). Plant specieslikely to volunteer from a hydric soil seedbank are usually the
most aggressive pioneering species in the seedbank. Other species may remain dormant
for many years. There also may be some potential to spread |ess desirable species or
“noxious’ weeds (i.e., Lythrum sp., Phragmites sp., Typha sp., €tc.).
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b.

The plant community observed on a hydric soil “donor” site may be the product of many
years of succession. As such, totally unanticipated dormant species may be released
when the soils are disturbed and reapplied to the constructed wetland site.

The more aggressive colonizing plant species may tend to dominate a constructed
wetland within 2 to 5 years unless controlled by mechanical or chemical means. (i.e.,
Typha sp. will tolerate highly variable moisture conditions, and may suppress or out-
compete the target species that dominated the “donor” site.)

Handling may be difficult. Application with heavy equipment may cause excessive
compaction. Light tillage may be required (disking or harrowing) to create an acceptable
rooting medium. However, improved aeration resulting from tillage may accelerate
decomposition of organic matter if the site is not flooded for several days following the
tillage operation.

Advantages of Upland Mineral Topsoils

a.

Upland topsoils are usually reasonably fertile with a supply of reserve nitrogen and
phosphorus in organic matter.

Upland topsoils usually provide a good rooting medium. In general, up to 20 to
30 percent coarse fragment content (stones, pebbles, etc.) is not a problem.

Dormant seedbank materials usually will not compete with planted or seeded
hydrophytes (which allows for more control of a planted vegetative community and
better mimicry of a disturbed or reference wetland plant community).

There is some evidence that flooded and inundated upland soils with average amounts of
organic matter will tend to cause the release of significant amounts of calcium,
potassium, phosphorus, and nitrogen in forms available for plant uptake (Whitlow and
Harris 1979, Reddy and Graetz 1988, Pierce 1989). Research also indicates that flooding
of upland mineral soils and drained hydric mineral soils results in a convergence of soil
pH toward neutrality (Whitlow and Harris 1979, Fennessy 1991, Mitch and Gosselink
1993). (Note: Thetendency for pH convergence toward neutrality can be a
disadvantage where “acidic” systems are being planned.)

Handling, transportation, application, and grading can be accomplished with
conventional heavy equipment.
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Disadvantages of Upland Mineral Topsoils

a. They must be planted or seeded to ensure rapid vegetative cover by hydrophytes (unless

natural succession is planned).

Application with heavy equipment may cause excessive compaction. Tillage (disking or
harrowing) may be required to provide an acceptabl e rooting medium.

If left as bare ground that is subject to only intermittent inundation, there may be a
tendency for early successional “old field” annuals to colonize and compete with
hydrophytes (i.e., Panicum spp., Setaria spp., Echinochloa spp., €tc.).

Application Options/Recommendations

Where native or introduced soils of the subgrade are acceptabl e as a substrate rooting
medium, options may include:

a. Simplefinish grading, erosion and sedimentation control, planting/seeding of
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hydrophytes, and supplemental fertilization where tests of the potential substrate indicate
that sufficient organic matter is available and nutrients are likely to enter the system at
regular intervals.

Organic matter amendments to increase percent organic matter content (recommended to
improve water holding capacity and protect hydrophytes from desiccation if drawdown is
anticipated). Plowing or disking to incorporate (tillage to 3 to 6 inches minimum)
organic matter amendments and ensure soil contact is recommended. Incorporation will
aso help to minimize floating of excess organic materials. [Note: An additional means
of providing organic matter to sites where hydrology is not expected or planned for
several weeks is to seed the area with upland species such as cereal grains, clovers, or
annual ryegrass. These grasses and legumes produce significant volumes of biomassin a
relatively short time and assimilate and hold readily available nutrients. However, these
plants cannot survive when inundated. The result is a supply of “green manure” that
provides nutrients to adapted hydrophytes as the upland species die and become part of
the substrate/water interface. If the site is planned to be planted or seeded to hydrophytes
“inthedry,” disking or harrowing of the “green manure” prior to planting/seeding could
be beneficial; or the site may be planted directly if flooding is anticipated shortly after
planting. These plants also act to trap the “seed rain” (seeds transported to the wetland
site via floodwaters, runoff, and wind) of volunteer hydrophytes.

“Mulching” with athin layer of hydric soilsto supply seedbank materials, microbial
inoculation, and some additional organic matter. Mulching is an acceptable approach if
the objectiveisto “kick-start” a successional colonization of the constructed wetland.
However, the designer should be aware that the most aggressive pioneering hydrophytes
are likely to dominate until successional colonization iswell underway. Consequently,
there may be little control over the structure and diversity of plant species that volunteer.
This practiceis not recommended if specific plant communities are planned.
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Where native, manipulated, or introduced soils of the subgrade are unacceptable as a
substrate rooting medium or the subgrade has been intentionally compacted or lined to create a
slowly permeable layer/zone to hold or perch hydrology, consider the following:

a. Consider short-term stockpiling and reapplication of topsoils found on the site prior to
excavation. This option assumes that the topsoils are acceptable as a rooting medium
and contain sufficient organic matter [as a general recommendation, greater than
3 percent, as per personal communication with Vepraskas (1994)] to sustain initial
populations of anaerobic microbes and provide reserve nutrients. Based on the author’s
experience and communications with others experienced in wetlands construction, the
following substrate depths are presented as general guidelines for the indicated
applications:

1) Herbaceous plant community: 15 cm
2) Herbaceous/shrub-scrub: 30 cm
3) Herbaceous/shrub-scrubf/tree: 30 - 45 cm or deeper.

b. For any vegetative community planned for awetland constructed on a manipul ated or
lined subgrade (i.e., clay-lined subgrade) designed to perch water but which may be
subject to seasonal drawdown, the liner should be positioned deep enough that it will be
protected from desiccation cracking and the effects of freezing and thawing. The depth
of the protective covering will be expected to vary depending on regional conditions. A
minimum depth of 40 to 60 cm of medium textured material should be considered and
then adjusted based on the duration of drawdowns and the likelihood of deep freezing
during drawdown conditions. The substrate can be considered part of the protective

layer.

c. Although the wisdom of planting trees on a site that has been lined to perch hydrology is
somewhat questionable, the substrate depth for trees noted above would still be
recommended.

d. Inthose cases where substrate materials will not extend down to the lined subgrade,
additional “protective subgrade” material can be placed between the liner (above the
liner) and the substrate materials.

Following initial excavation and grading, the planned subgrade elevations of most con-
structed wetlands usually will be nearly level or somewhat depressional. Where supplemental
substrate materia is planned to be applied over the subgrade, stability of the substrate material
following hydration is aconcern. Where the design of the wetland calls for deep water area or
islands, substrate materials may have atendency to creep downslope after hydration. Design of a
“side-hill” or sloping wetland substrate (which is fairly difficult to build) must ensure that the
fully hydrated substrate does not become a“mudslide.” Therefore, it is recommended that sub-
strate materials be tested for slope stability whenever slopes steeper than 10:1 are planned over a
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large percentage of the substrate surface area. Bulk density, particle-size distribution (texture),
liquid limit, and plastic limit are tests that are helpful in determining if a placed substrate is likely
to slide on a prepared subgrade. However, a thorough slope-stability analysis must be conducted.

Placement of a substrate material that isfiner in texture than the soil upon which it is placed
will frequently result in perching of water in the substrate layer. Drainage into the coarser
textured horizon below isinhibited by the affinity of soil water for the finer pore spacesin the
substrate layer [the same affinity that causes water to rise above an apparent water table within a
soil profile (“capillarity”)]. This phenomenon iswell documented (Hillel 1971, Brady 1974), but
knowledge of it may be avaluable tool in increasing the length of time that wetland substrates
are capable of supplying water to plants during seasona drawdowns.

In general, precise grading (“back-blading™) of the “finished” surface of the created or
restored wetland is not recommended. Many practitioners have observed the micro-relief of
“rough” graded areasto be very beneficial in improving species diversity.

Summary

The complexity of the biochemical interactions in the wetland substrate has profound
influences on the structure and function of natural and constructed wetland systems.
Considerably more research is needed to expand the understanding of these interactions and to
help establish “mileposts’ by which to gage success in creating wetlands that readily assume a
productive rolein local ecosystems. The information presented in this chapter isintended only as
an introduction to these complex issues.
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4-3 Retaining Dikes®

A dikeisanimperviouswall or mound built around a low-lying area used to retain water or
dredged material or to prevent flooding. A leveeisan artificia bank, usually made of earth,
confining a stream channel or limiting areas subject to flooding (Bates and Jackson 1987). The
design and construction of dikes and of leveesisidentical. Therefore, in this discussion, both
dikes and levees will be referred to as dikes.

Dikes are generally made of locally available soil materials, usually taken from near the toe
of the dike. Hydraulic fill soilsfor dikes may be pumped from an appreciable distance. The wall
(dike) may consist of an impervious core, supported by pervious shells, or the impervious core
may be widened to form the entire embankment as a homogeneous cross section. Wetland dikes
will rarely impound more than 1 m (3 ft) of water. Asaresult, dike heights are rarely greater than
2 m (6 ft) except where the dike crosses gullies or other natural depressions.

The subsurface investigation, selection of a material source, selection of afoundation
preparation method, the embankment design, and devel opment of specifications for earthwork
construction require the specialized knowledge of civil, and particularly of geotechnical,
engineers. Therefore, all planning, design, and preparation of construction specifications should
be done under the direct supervision of a qualified engineer and should bear his approval.

Sources of dike design and construction guidance, containing a depth of information beyond
that given here, should be consulted. The USDA-SCS Engineering Field Manual (Soil
Conservation Service 1984) contains valuable design and construction advice, particularly
Chapter 11, “Ponds and Reservoirs,” and Chapter 13, “Wetland Restoration, Enhancement, or
Creation.” The primary U.S. Army Corps of Engineers sources include “ Stability of Earth and
Raockfill Dams,” Engineer Manual EM 1110-2-1902 (USACE 1970), “Design and Construction
of Retaining Dikes for Containment of Dredged Materials,” Technical Report D-77-9 (Hammer
and Blackburn 1977), and “ Confined Disposal of Dredged Material,” Engineer Manual EM
1110-2-5027 (USACE 1987).

Severa of the seepage and erosion control measures described below make use of the
concept of a soil-water filter. Graded sand filters have been used for many years. Recently,
geotextiles have been effectively used for this function. Criteriafor a graded sand filter and for
filter fabrics are discussed in Chapter 4-4, “ Geosynthetics Applications in Wetland Structures.”

! By S. Joseph Spigolon
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Factors Affecting Design

The engineering design of awetland dike includes the selection of location, height, cross
section, materials, and construction method. The design and the construction method are
dependent on wetland project constraints, foundation conditions, material suitability and
availability, and availability of construction equipment. The final design will be a choice among
feasible alternatives.

Project constraints. Several constraints on design are placed by the overall wetland project
needs. Available construction time and funding are always factors. The location, height, and
available space are usually dictated by wetland project water storage requirements. The design
factor of safety against structural failure is selected on the basis of the additional initial cost to
prevent the failure, versus the probability of the failure times the cost of the damage and its
repair. Environmental safety and aesthetics must always be considered.

Foundation conditions. The foundation must have sufficient strength to support the dike
without contributing to atrandational or rotational failure of the dike slopes. The foundation
compressibility must be such that the settlement of the dike will not exceed acceptable limits.
The permeability of the foundation must either be sufficiently low that detrimental underseepage
will not occur or the stratification must be such that an effective underseepage cutoff can be
emplaced.

Availability of materials. All potential sources of construction materials for the
embankment should be characterized according to location, type, index properties, and ease of
recovery. Economical dike construction normally requires the use of nearby material, requiring
little or no transport. Usually, this means using material from near the dike toe. Dredged material
may be used if pumping is feasible from the dredge site to the wetland site. If the impoundment
to be protected by the dike is to be excavated, then the soil being removed islikely to be used in
the embankment. Economy usually also dictates balanced cut and fill in the local area,
eliminating the need for transporting excess or deficient soils to or from along distance.

Availability of equipment. Common earthwork construction equipment is generally used if
the wetland surface is sufficiently firm. When the site consistsin main or in part of very soft
soils of poor trafficability, specialized equipment having alow ground pressure for soft soil
operations may be needed. For underwater sources of fill soils, dredging equipment may be
needed. The specialized soft soil or dredging machinery may not be available to meet the project
schedule or the mobilization cost may be excessive. Less expensive aternatives, including
moving the location of the dike or changing the source of materials, should then be considered.

Construction methods. Each construction method has characteristics that can strongly
affect dike design. Soil material for the dike section may be hauled, cast, or pumped in a pipeline
as asoil-water durry. The soil is then left either uncompacted, semicompacted, or well-
compacted. The design geometry of the dike section, although based on economics, must be
compatible with the available materials, equipment, methods, and environmental considerations.
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Dike Design

The dike and its foundation, to form a water-retaining wall, must be stable and relatively
impervious. The mgjor causes of dike instability, and therefore concernsin design of a dike, are:

a. Foundation stability. The dike foundation may fail to support the dike because of the
lack of shear strength, or the dike may have excessive settlement due to foundation
compressibility, or the foundation soils may permit excessive underseepage.

b. Dike geometry. The freeboard, or height above water level, the width of the crown,
internal settlement, and inclination of the side slopes affect overall stability.

c. Sope stability. The embankment materials may lack sufficient shear strength to stand at
the design slopes, especially under conditions of adverse seepage. A major factor in
determining the avail able shear strength in the embankment is the amount of compaction
of the soils-whether they are (a) simply hauled or cast into shape and left uncompacted,
(b) semicompacted by the action of the hauling or shaping machinery, or (¢) compacted
in thin layers (lifts) to specification requirements.

d. Seepage. Excessive seepage may occur through and/or under the dike or along water
control structures placed in the dike. In either case, the downstream exit point of the
seepage may become extremely unstable.

e. Overtopping. The dike may fail due to overtopping by either wave action or an
unexpected water level rise. This generally occurs as amajor erosion failure in the
downstream slope.

f. Erosion. Erosion may occur due to overtopping, by wave action on the upstream
shoreline, or due to piping through the dike.

Foundation Stability

The foundation of the dike must (a) be capable of supporting the dike without a bearing
capacity failure, (b) consolidate not more than a nominal amount under the weight of the dike,
and (c) be relatively impervious to seepage.

Bearing capacity. A well-compacted dike with steep slopes should only be used when the
foundation will support the concentrated load. As an
approximate initial evaluation of bearing capacity,
the dike may be reduced to an equivalent long footing TOTAL WEIGHT
having the same uniform contact pressure as the OF DIKE
average of the weight of the dike, as shownin
Figure 4-5. If the foundation is primarily cohesionless
materials, then bearing capacity israrely aconcern
because the weight of the dike increases the shear

Figure 4-5. Equivalent footing for bearing
capacity of foundation.
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strength of the underlying soils. However, if the foundation is cohesive soil, then its strength
under fairly rapid construction loading is not increased by the load. The ultimate undrained
bearing capacity of along smooth footing on clay is:

Qu = 92¢C 4-1)

where q; = ultimate bearing capacity (Ib/ft?) and ¢ = soil cohesive strength (Ib/ft?) which can be
estimated as 50% of unconfined compressive strength.

A factor of safety of at least 2.0 must be applied to this value. For atypical wetland dike,
having a height of 2 m. (6 ft.) and atop width of 3.5 m. (8 ft.), and using Equation 4-1, it isonly
necessary that the average unconfined compressive strength of the soils within the upper 4-6 m.
(12-18 ft.) be greater than 24 kPa (550 Ib/sq ft), which is at the boundary between what engineers
term very soft and soft cohesive soil.

If the foundation is too soft to support a compacted dike, three options are open: (1) If the
very soft soil exists only to a shallow depth, it may be excavated and replaced with stronger,
compacted soil, (2) use an upstream and/or downstream berm, or (3) decrease the dike weight by
using either semicompaction, made with hauling equipment, or dumped fill. Hydraulic fill is
most economical when used with semicompaction or simply with no compaction.

A berm, or dike extension, may be placed upstream or downstream or both. Berms provide
the same effect as flattening the slopes, but are more effective because (a) they use less total
material, and (b) they place weight whereit is most useful, i.e., on top of the toe of a potential
failure surface. A berm can also serve as a seepage control structure when placed over the
downstream toe of a dike with a pervious foundation.

Settlement. If the bearing capacity is satisfactory for the chosen method of compaction and
side dopes, the settlement should be estimated. For cohesionless soils, the equivalent footing of
Figure 4-6 may be used with empirical charts for settlement on sand. Charts to determine the
approximate average settlement are given in several geotechnical engineering textbooks and in
“Soils and Geology; Procedures for Foundation Design of Buildings and Other Structures,”
Army Technical Manual TM 5-818-1 (USACE 1983).

For cohesive soils, either the equivalent footing of Figure 4-6 or the actual cross section may
be used to calculate settlement. The pre-consolidation load and the compression index can be
reasonably estimated from soil index properties, as discussed in various geotechnical engineering
textbooks and in TM 5-818-1. The pre-consolidation load can be estimated from the unconfined
compressive strength and plasticity index. The compression index can be estimated from either
the liquid limit or theinitial water content.
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Freeboard Crown width
Water level l—v—%

Pervious foundation

CENTRAL CORE SECTION HOMOGENEOQOUS SECTION

Figure 4-6. Cross section of central core and homogeneous
dikes.

Dike Geometry

Dike geometry refers to the height (including freeboard, or height above water level), width
of the crown, and inclination of the side slopes. The side slopes are dependent on the character
and strength of the foundation and of the embankment materials and the construction methods.

Cross section. Dependent on the availability of materials, the dike cross section may, as
shown in Figure 4-6, have an impervious central core with supporting shells, or be uniform, or
homogeneous. The central impervious core, or wall, may have any width suitable for retaining
water. The soil must be carefully selected and placed to insure imperviousness. Generally, the
central core must be wide enough to be placed, and perhaps compacted, longitudinally by
common construction equipment. Thisimplies awidth of at least 1.8 to 2.4 m (6-8 ft) at the top
and increasing dightly with depth. The central core may even be extended downward to act as a
positive underseepage cutoff in the case of a shallow and pervious foundation layer. The shellsto
support the central core may be of any available material, including rock, cohesionless soils, and
even alimited amount of organic soil.

When there is a sufficient amount of acceptable material of low to medium plasticity
(including all USCS soil classes except GW, GP, SW, SP, and CH), then both the core and the
two shells may be constructed of the same material, forming a uniform, or homogeneous dike
section, as shown in Figure 4-7. Clean, cohesionless soils will be too pervious and high plasticity
clay (CH) may experience detrimental shrinkage cracking. If there is a shallow pervious
foundation, an impervious cutoff may be needed under the homogeneous section in the same
manner as shown for the central core section. Whatever the material and method of construction,
the strength of the shells must be sufficient to support them on the design slopes and must be
capable of withstanding any seepage and/or erosion forces.

Height and freeboard. The height of the dike is dictated by project requirements for depth
of water. Additional initial height may be needed to account for expected settlement of the dike
on acompressible foundation. Freeboard is the additional height above flood stage, after full
settlement, needed to provide protection against overtopping by wave action. A minimum of
0.6 m (2.0 ft), in addition to the settlement allowance, is recommended for fairly small ponded
areas where wave action is limited by nearshore vegetation and/or by trees. Where open waters

Chapter 4-3 Retaining Dikes Page 4-27



Wetlands Engineering Handbook March 2000

Table 4-1

Recommended Minimum Freeboard for Dikes (after

USBR “Design of Small Dams,” 2nd Ed., 1973)

Wind Fetch Minimum Freeboard

km miles meters feet
0.4 0.25 0.9 3.0
0.8 0.5 11 3.5
1.2 0.75 1.15 3.8
1.6 1 1.2 4
4.0 2.5 15 4.6
8.0 5 1.8 5.3

are subject to strong wind, and significant wave action, the recommended minimum freeboard is
givenin Table4-1.

Settlement of dikes. Allowance must be made in the constructed height of the embankment
for settlement within both the dike and the foundation. Foundation settlement was discussed
above. Suggested minimum allowances for embankment internal (self-weight) compression are
givenin Table 4-2. Theinformation in Table 4-2 was based, in part, on Chapter 13, “Wetland
Restoration, Enhancement, or Creation,” of the USDA-SCS Engineering Field Handbook (Sail
Conservation Service 1992).

Table 4-2
Recommended Minimum Allowances for Dike Internal
Settlement (based in part on Soil Conservation Service 1992)

Compaction USCS Soil Type Settlement Allowance,
Method Percent of Height
Full specification GW, GP, GM, GC, None
compaction in thin lifts. SW, SP, SM, SC
CL-ML, CL, CH, ML, MH Less than 5 %
Semi-compaction, GW, GP, GM, GC, More than 5 %
construction machine SW, SP, SM, SC
only.
CL-ML, CL, CH, ML, MH 5-10%
GW, GP, GM, GC, More than 10 %
Dumped and shaped; SW, SP, SM, SC
no attempt at
densification. CL-ML, CL, CH, ML, MH 10-20 %
Highly organic soils More than 40 %
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Crown width. The desired crown width is dependent on the need for a roadway for
maintenance and emergency operations. If not needed for other considerations, a roadway may
also be available on a downstream berm or outside the dike proper. Slope stability or seepage
requirements may dictate a minimum crown width. For construction purposes, the width of the
crown may vary from practically zero to over 3.0 m (10 ft), dependent on construction method. If
the central core, or the central section of a homogeneous dike, is to be semicompacted or
compacted, there must be sufficient lateral space for operation of the compaction machines. This
requires a crown width of at least 1.8 to 2.4 m (6-8 ft).

Slope Stability

Dike dopes fail when the shear strength of the soil isless than the shear stressimposed by
the self-weight of the soil and of pressure from the impounded water. When the near-surface
foundation layer has a strength greater than that of the dike soils, then the slope failure will occur
entirely within the dike. If there is a horizontal weak layer in the lower portion of the dike, then
thiswill be the weakest section and is the preferred zone of shear failure. If the strength of the
soil isfairly uniform throughout the cross section, and there are no weak horizontal layers along
which failure is preferred, then the dope fails along acircular arc. Similarly, if the foundation
soils are weaker than the dike soils or a particularly weak layer exists within the foundation, then
the failure zone will extend into the foundation soils. The determination of safe slopes may be
determined by either (a) rigorous slope stability analysis or (b) conservative empirical cross
sections.

Slope stability analysis. If the embankment isfairly high and/or long, such that alarge
amount of embankment soil isto be used, a cost savings can be effected by determining the
engineering behavior properties of the foundation and proposed embankment soilsto a
reasonabl e precision, and designing minimum slopes. When the soil properties have been well
defined, the slopes and foundation of the proposed dike cross section should be investigated for
trangational and/or rotational stability by geotechnical engineering methods. Slope stability
analysis programs are commercially available for use on desktop personal computers. The
U.S. Army Corps of Engineers has an internally available program entitled UTEXAS3 (Edris
et al. 1992).

Empirical cross sections. For the typically low embankments at wetland sites, the cost of
sampling the foundation and embankment soils and testing their properties with a sufficient
precision to use in slope stability cal culations may be more costly than simply using a
conservatively safe cross section, as given in Table 4-3. Similarly, the use of semicompaction or
uncompaction, and flatter slopes, may be more economical than a closely controlled, compacted
embankment. Because the modification of the water content of soils for specification compaction
can be expensive, time consuming, and weather dependent, the design should incorporate the
properties of the soil at its natural water content or should require only a minimum of drying or
wetting.

An additional consideration in the steepness of the downstream slope is maintenance. If

mowing isto be done or other machinery isto be operated on the downstream slope, it should be
no steeper than three horizontal to one vertical (3H:1V).
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Table 4-3
Recommended Side Slopes For Dikes on Strong Foundation
(based on USBR 1973)
USCS Recommended Maximum Steepness -- Horizontal to Vertical
Soil Type
in Core? Specification Machine Uncompacted
(Roller) Compacted (Semi) Compacted
Homogeneous Cross Section
GW, GP, SW, SP Not recommended. Too porous.
GC, GM, SC, SM 20to 1 25t01 30to1l
CL, ML 25t01 3.0to1l 35t01
CH, MH 30tol 35t01 40to1
o,oH 1 e 1 40to 1l
Central Core Section with GW, GP, SW, SP Material as Shells

GC, GM, SC, SM 20to 1 25t01 30to1l
CL, ML 225t01 275t01 30to1l
CH, MH 25t01 30to1l 35t01
oLodH 1 e 35t01
! peat (Pt) or other highly organic soils should not be used.

Seepage Control

Detrimental water seepage may occur through the dike and/or through a pervious foundation,
as shown in the upper part of Figure 4-7, causing piping flow at the point of exit. Detrimental

seepage has been observed in
embankments of all heights,
including one less than one
meter (3 ft) high. This effect
isparticularly severeif the
permeability of the sail is
fairly high, or if there are
void spaces left in the
embankment because of the
lack of compaction.

Seepage through a
homogeneous embankment,

with horizontal and vertica
permeabilities equal, will exit
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Figure 4-7. Seepage in a dike and seepage control measures.
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above the toe at a height of about 20% to 30% of the height of the impounded water, as shown in
Figure 4-7. Any horizontal layers within the dike that are relatively more permeable than the
surrounding materials, and that extend through the dike, will act as a pipeline, permitting
horizontal seepage higher up the slope. Underseepage will exit at the highest gradient point, at
the toe of the slope, causing a bail, or uplift of soil. The net results of either form of seepage
failure are that, at the exit point, thereis (a) areduction of shear strength of the soil, and/or (b) a
physical erosion-removal of soil from the area around the toe, both contributing to slope
instability. In the most severe cases, where rainfall islow and/or surface evaporation is high,
seepage may contribute to lowering of the ponded water surface.

There are severa design measures commonly used to control detrimental seepage through or
under adike. More detailed discussions of these methods than are given below are contained in
several geotechnical engineering references, such as “ Soil Mechanics Design, Seepage Control,”
Engineer Manual 1110-1-1901 (USACE 1952).

Seepage through the dike. For seepage through the embankment, seepage control measures
include (a) a seepage blanket at the downstream toe, (b) drain tile near the downstream toe, (c) an
impervious core, and (d) a seepage berm.

Seepage blanket. As shown in the lower part of Figure 4-7, ahighly pervious blanket of
clean, cohesionless soil (gravel and/or sand) will draw the upper seepage line away from the
slope. For wetland dikes, the horizontal blanket should start at the downstream toe and extend
toward the centerline (upstream) a distance equal to the height of the dike. The blanket should be
asthick as practicable, with a minimum of 0.3 m (1 foot). Because there will be alarge
difference in effective grain size between the blanket and the surrounding soil, the materials of
the blanket must either (a) be proportioned as a graded filter, or (b) be encased in a suitable
geotextile (filter cloth). The blanket should extend the entire length of the dike. Geotextiles are
discussed in alater chapter of this section of the handbook.

Draintile. An agricultural drain tile system can be used instead of a drainage blanket to draw
the upper seepage line away from the dope. It is suggested that a 1.5- to 3-cm (4- to 8-in.)
diameter standard perforated drain pipe be placed at about ground surface inward (upstream)
from the downstream toe at a distance equal to 75% to 100% the height of the dike. The tile may
be placed at ground surface or dightly above it. The drain pipe should be covered with at least 30
cm (1 ft) of sand, top and sides, with clean sand and/or fine gravel that will serve as afilter and
as protection during construction. The pipe is also often wrapped in filter cloth for added
filtration of fines. However, biological growth can clog filter cloth so this practice may not be
desirable. [ Geotextiles are discussed in another chapter of this section of the handbook.] Care
must be taken to protect the drain and the filter sand from disruption by machinery during
construction. A lateral drain pipe should be placed at regular intervals, and at depressions, to
drain the seepage downstream. For more information about drain tiles, the reader is referred to
Chapter 14, “Drainage,” of the USDA-SCS Engineering Field Manual (Soil Conservation
Service 1984).

Impervious core. An impervious central core, as shown in Figure 4-7, with a granular soil

downstream shell, will appreciably reduce the quantity of seepage. The central core should be
made of as high plasticity clay asis available, placed and compacted at as high awater content as

Chapter 4-3 Retaining Dikes Page 4-31



Wetlands Engineering Handbook March 2000

possible to inhibit void spaces between clods. If a pervious downstream shell is not feasible, a
horizontal seepage blanket (described above) may be used.

Seepage berm. A soil berm can be placed at the downstream toe, as shown in the lower part
of Figure 4-7. In the absence of a more exact seepage analysis, the length of the berm may be
established by drawing aline, as shown in Figure 4-7, from the upstream inlet point to a point on
the downstream slope at a height equal to 30 percent of the water height and continuing the line
to intersect with the ground surface. The berm should enclose that part of the line outside the
dike. The use of a berm provides the opportunity to make the downstream slopes steeper than
shown in Table 4-3, aslong as the lower part of the recommended slope line is contained within
the berm. A berm also can provide aroadway for maintenance and permit a greatly reduced
crown width.

Under seepage through the foundation. If a pervious layer exists from the existing ground
surface to a short depth, or if the pervious topsoil layer (A-horizon) has not been completely
stripped, and the seepage layer is short compared to the permeability of the layer, then
unacceptably high exit pressures will exist at the toe of the dike. Methods for under seepage
evaluation and control are discussed in detail in EM 1110-2-1901 (USACE 1952). The main
methods for underseepage control are (a) a positive cutoff, (b) an upstream blanket, and (c) atoe
berm.

Positive cutoff. If the underseepage layer isfairly thin, up to about three meters (10 ft) thick,
then a positive cutoff core may be excavated and replaced with relatively impervious, compacted
soil. If acentral core section is used, the cutoff may be a downward continuation of the core.

Upstream blanket. If the pervious underseepage layer is too thick for a positive cutoff, (a) the
total quantity of seepage loss, and (b) the intensity of the uplift pressure at the toe of the dike,
may be decreased to an acceptable level by increasing the length of the underseepage path. A
layer of relatively impervious cohesive soil, semicompacted or compacted, should be placed from
the upstream toe of the dike for the full length of the dike. The width of the upstream blanket can
be calculated by theoretical methods given in EM 1110-2-1901 (USACE 1952). The blanket
thickness should be at least 0.15-0.25 m. (6-9 in).

Toe berm. Instead of placing upstream, the seepage blanket can placed downstream, starting
at the toe. A more efficient and effective device is atoe berm, as shown in Figure 4-8. The intent
of the toe berm isto increase the effective stress on the foundation soils at the seepage exit point
at the toe. This also forces the exit point farther downstream, reducing the uplift pressure to an
acceptable level. Engineer Manual 1110-2-1901 (USACE 1952) should be consulted for design
details.

Protection Against Overtopping

Outlet structures may be needed to prevent the impounded water from rising above its design
level and overtopping the dike. Thiswill occur when rainfall and/or drainage into the pond or
lake exceeds the outflow due to evaporation or seepage.
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The simplest form of structure is the emergency spillway. Two other common types of water
control structures are the sluice box and the drop inlet. Both of the latter types make use of a
drain pipe through the dike or through the foundation. The foundation location has the advantage
that the pipe ditch can be excavated, the pipe and drainage material placed, before the dike itself
is constructed. This allows longitudinal freedom for hauling and compaction equipment.

Emergency spillway. An emergency spillway is generally aflat notch cut in the dike or its
abutments to relieve any excess height of water. If there are no other water control structures, the
crest should be at least 8 cm (3 in.) above the normal pool elevation. If water control structures
are used, aminimum of 15 cm (6 in.) should be allowed to permit the water level rise for normal
operation of the structures to occur.

The shear strength of the spillway surface soils should be as high as possible to resist
erosion. If possible, the spillway should be located in natural, undisturbed soil at a dike
abutment. If thisis not feasible, then the section of dike containing the emergency spillway
should be fully compacted, in thin lifts, as discussed in alater chapter of this section of the
handbook.

The crest width should be determined by the amount of expected excess water in the
impoundment, as discussed in the hydrology section of this handbook. Side slopes should be no
steeper than 3H : 1V. The flat central portion of the spillway crest should be aslong as possible,
at least 7.5 m (25 ft.). If thisis not feasible, then a concrete covered spillway structure should be
considered. The slope of the exit channel should be between 1 and 12 percent.

The exposed surface of the spillway should be heavily vegetated to inhibit erosion. Coarse
gravel and cobbles can be used to further inhibit erosion, particularly on the crest. The bottom of
the exit channel, where it intersects the existing ground surface, should be covered with coarse
gravel, cobbles, or even boulders to serve as
an energy dissipation section to further
inhibit erosion. The coarse stone may be
encased ina gabl on. Water surface

J_L — Sluice-box

Sluice box. The sluice box in the upper = | Drainage material

- . L I Outlet pipe
part of Figure 4-8 is constructed within the —— jﬁ
cross section of the dike. Its main advantage CROSS SECTION THROUGH SLUICE BOX

isthat the upstream edge of the box can be
used as aweir, to measure the quantity of
water overflowing the dike through the outlet Water surface
structure. Its length across the width of the

\*/% Drainage material
dike can be any desired value, up to the full | } - .
width of the dike. | Outlet pipe A

Drop inlet

; -y %ﬁl 1
Drop inlet. The drop inlet structure has --A
been used on small U.S. Army Corps of DROP INLET WITH PIPE THROUGH FOUNDATION
Engineers and USDA Soil Conservation _— Drainage material
Service dams for many years. Designs are 1 o
i an — D
fairly standard and publications of those Q e pee

organizations should be consulted for details. Section A - A

Figure 4-8. Water level control outlet structures.
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The outlet pipe through the dike or the foundation must be protected against seepage along
the pipe. In the past, metal anti-seepage collars were installed. However, as shown in Figure 4-8,
drainage material blankets can be placed around the pipe near the outlet end to inhibit piping.

Protection Against Erosion

Erosion of the surface of the completed dike may occur because of rainfall or, on the
upstream slope, from wave action. The susceptibility of a soil to erosion isafunction of itsgrain
size and plasticity. Erodibility islow for coarse grains and increases as the grain size decreases to
silt sizes (0.075 to 0.002 mm). As the plasticity of the fine-grained soil increases, usually with an
increase in clay content, the erodibility becomes markedly less again. Therefore, the most severe
erosion will take place in soils of fine sand to non-plastic silt sizes.

Rainfall erosion can be inhibited in several ways. A complete vegetation cover of all exposed
surfaces of the dike with grasses having athick root structure will reduce the velocity of flowing
water to hon-eroding levels. The grading and shaping of the surface to eliminate ruts, minor
depressions, or minor gullies will inhibit the formation of erosion “nick points.” The surface can
be covered with filter cloth and gravel or crushed rock to protect underlying fine-grained soils.

Protection against the erosive effects of wave action on the upstream slope can take several
forms, as shown in Figure 4-9, as long as they serve to absorb the energy of the waves. A stone
riprap blanket can be placed from the crest of
the dike to a point some distance below the
lowest expected low water level. The riprap Treated wood fence
isusually crushed stone, placed on a sand e
blanket or a geotextile filter cloth. Where
wave action is not severe, a thickness of
coarse gravel and/or cobbles can be used to
absorb the wave energy. If coarse grained
materials are not avail able, the wave-contact
zone can be covered with asphaltic concrete
or may be paved with soil cement. Itis
usually desirable to provideasmall bermat  Figure 4-9. Upstream slope protection
the lower end of the riprap to provide support  methods.
against diding.

Another feasible wave protection device, useful where crushed stone or very coarse materials
are not available, is atreated wood fence, as shown in Figure 4-9. The fence may consist of
continuous driven poles or may be spaced poles with boards of wood or other available material.
The objective isto form awave energy absorption fence. The fence need not be impervious.
Coarse or fine-grained soil may be placed behind the fence for stability, if desired.
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4-4 Geosynthetics Applications
in Wetland Construction®’

Geosynthetics have become an increasingly important construction material on wetland
projects over the past several years. Selection of geosynthetics for use on a wetland restoration or
creation project is usually based on an improvement in the performance of soils handling, asa
water barrier, for dike placement on soft soils, and use as a drainage blanket in dikes.
Geosynthetics generally offer a substantial cost savings over alternative methods, provide more
effective install ation, reduce maintenance, and/or increase service life.

For a detailed discussion of the geotechnical engineering uses of geosynthetics, the reader
should consult one or more of the several recent textbooks on the specific subject. One excellent
and compl ete reference is the “ Geotextile Engineering Manual,” a course text prepared for the
Federal Highway Administration (FHWA 1982).

Description and Uses of Geosynthetics

Geosynthetics are polymeric materials used in environmental, geotechnical, and
transportation engineering and related construction activities. Geosyntheticsis a general term
covering geotextiles, geomembranes, geogrids, geonets, and similar products.

A geotextile is any permeable textile material used with soil, rock, or any other geotechnical-
related material, for separation, reinforcement, filtration, and drainage. A geomembraneis any
imper meable membrane used to function as aliquid barrier for pond liners, reservoir covers,
canal liners, landfill liners, and similar purposes. Geogrids are designed primarily for
reinforcement functions. Geonets are used for in-plane flow of liquids (water and other liquids)
in anumber of applications. The present discussion deals only with the use of geotextilesin
wetland projects involving soils handling and/or earthwork.

Geotextile materials
Geotextiles are usually made from synthetic polymers such as polypropylene, polyester,

polyethylene, polyamide, and nylon. Some geotextiles are made from glass fibers, whereas others
may incorporate steel wires or cables.

! By S. Joseph Spigolon
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The synthetic polymers are formed into filaments, staple fibers, or dlit films. Geotextiles are
either (a) nonwoven, (b) knitted, or (¢) woven. Nonwoven geotextiles are made from filaments
and/or staple fibers. Woven and knitted geotextiles are made from yarns, which are made of one
or several fibers.

Nonwoven geotextiles are formed from fibers arranged in a planar structure. The fibers are
bonded together by either: (a) chemica bonding, using glue, rubber, latex, or synthetic resin, (b)
thermal bonding, using partial melting of the fibers, or (c) mechanical bonding (needle
punching), in which very small, very closely spaced barbed needles punch through the fiber mat
and withdraw, leaving the fibers entangled.

Knitted geotextiles are formed by interlocking a series of loops of one or more yarnsto form
aplanar structure. Generally, knitted fabrics have mostly been used asfiltersin pipe wrap
applications.

Woven geotextiles are composed of two sets, warp and fill, of parallel yarns systematically
interfaced to form a planar structure. The most commonly used yarns are monofilament, multi-
filament, and dlit film. Three basic weave patterns (plain, twill, and satin) are used to construct a
wide variety of fabrics.

Controlling functions and applications

Geotextile applications are generally divided into four basic, or primary, controlling
functions:

a. Separation. Layersof different sizes of soil or rock particles are separated from one
another by the geotextile. This prevents migration of fine particles into the void spaces of
the coarser particles.

b. Drainage. The geotextileitself acts as adrainage layer or as awick to transmit water
through soils of low permeability. These specialy designed geotextiles are referred to as
“geonets.”

c. Filtration. The geotextile is afilter fabric. It is used as an alternative to a graded sand
filter, allowing the flow of water from a soil while preventing the fine soil particles from
moving. This may be used in filter situations of soil-to-soil or from soil-to-pipe.

d. Reinforcement. The geotextileis used as areinforcing el ement in the earth because soil
has negligible tensile strength. The fabric produces either stress distribution or an
increase in the soil modulus. Geogrids are specially designed earthen reinforcement.

The separation function is mainly used in roadway and railroad subgrades, although it may
be applied to earth dams and dikes. The drainage application includes earth structures where
thereisaneed for relief of water pressure against the structure or in preloading operations. The
main applications in wetlands involve the filtration and reinforcement functions.
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Filter fabrics are used in wetland soils handling projects for such applications astoe drainsin
dikes, upstream wave protection, pipe wrapping, silt screens, and erosion control. The
reinforcement capability of geotextilesis used in wetland projects involving soils handling and
earthwork. The present discussion deals only with the use of geotextiles for applications such as
roadway reinforcement, retaining structures, dike reinforcement, foundation reinforcement,
riprap placement, sandbags, and geotubes.

Properties of geotextiles

Geotextiles vary considerably in manufacturing techniques, fiber types, filament types,
weaving patterns, bonding methods, thickness, and composition. Therefore, these variations lead
to alarge range in their physical and mechanical properties. For example:

a. Weights of geotextiles (mass per unit area) commonly range from less than 100 g/ m? 3
oz.lyd?) to over 1200 g/m? (36 oz./yd?).

b. Tensile strengths range from 3.5 kN/m (20 Ibg/in.) at failure to over 350 kN/m (2000
Ibg/in.).

c. Costsrange from $1.00 per sq. yd to over $25.00 per sq. yd. (1994 prices).

The properties and parameters for geotextile selection (adapted from the Geotextile
Engineering Manual (FHWA 1982) are:

a. General properties. Type and construction; polymer; thickness and weight; roll length,
weight, and diameter; specific gravity and density; absorption; surface characteristics;
and geotextile isotropy.

b. Mechanical strength properties: Tensile strength (grab, strip tensile, and wide width
strength); Poisson’ sratio; stress-strain characteristics, tensile modulus; dynamic loading;
creep resistance; friction/adhesion (slick, rough, smooth); seam strength; and tear
strength.

¢. Ruptureresistance properties. Burst strength; puncture resistance; penetration resistance
(dimensional stability); fabric cutting resistance; and flexibility (stiffness).

d. Endurance properties. Abrasion resistance; ultraviolet (UV) radiation stability; chemical
resistance; biological resistance; wet and dry stability; and temperature stability.

e. Hydraulic properties: Opening characteristics, including (a) apparent opening size
(AOS), (b) pore size distribution, (c) percent open area, and (d) porosity; permeability
and permittivity; soil retention ability; clogging resistance; and in-plane flow capacity
(transmissivity).
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Many of these properties are the subject of American Society for Testing and Materials (ASTM
1994) standards for materials and test methods.

Use of Geotextiles as Filters

A cohesionless soil filter has been used for some time at the contact between two soils, or a
soil and a pipe opening, to allow water to pass and to prevent the movement of the soils particles.
Empirical criteria have been devel oped for sand filters, either as asingle filter or a graded filter.
The general requirements for a cohesionless sand filter are as follows:

a. Piping requirement: The D45 of the filter must be equal to or less than five times the Dgg
of the protected soil.

b. Permeability requirement: The D45 of the filter must be equal to or greater than five
times the D, 5 of the protected soil.

c. Uniformity requirement: The Dy, of the filter must be equal to or less than 25 timesthe
Dy, of the protected soil.

d. Well screen/slotted pipe criteria: The Dgg of the filter must be equal to or greater than
1.2 to 1.4 times the slot width, or 1.0 to 1.2 times the hole diameter.

where D;5, Dgj, and Dgs are the diameters of soil particles, D, at which 15%, 50%, and 85%,
respectively, of the soil particles are, by dry weight, finer than that grain size.

Geotextile filtration function

A geotextile can be used in place of agranular filter. For a geotextile to effectively perform
as afilter, it must remain free-draining by having opening characteristics compatible with the
surrounding soil. If asoil contains some particles smaller than the effective opening of the cloth,
they will pass through. However, as the finer soil passes through, larger particles may combine to
bridge over the apertures. This bridging zone has been termed the filter cake. Once the filter cake
has been established in a one-directional flow situation, no further soil is washed through and the
systemisin equilibrium.

The requirements for afilter fabric are similar to those for a sand filter. The fabric must
prevent piping of the soil, and it must be, and remain, more permeabl e than the surrounding soil.
Furthermore, the fabric must have sufficient tensile strength, puncture resistance, burst strength,
and abrasion resistance to survive placement and provide adequate in-service performance.

The FHWA Geotextile Engineering Manua (FHWA 1982) contains a summary of geotextile
design and selection criteriafor filter and erosion control applications. The FHWA summary
includes criteriafor (@) soil retention, or piping resistance, (b) permeability, (c) clogging, (d)
chemical composition, and (€) constructability and survivability. The criteriaare given in the
following paragraphs. The Apparent Opening Size (AOS) value is the opening size in terms of a
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Table 4-4

Piping Resistance Criteria for Use With Geosynthetics

Soils

Steady State Flow

Dynamic, Pulsating,
and Cyclic Flow

(0.074 mm)

Equal to or less than 50%
passing the No. 200 sieve

AOS Ogs < B« Dgg
22c,<8 B=1

2<c,<4 B=05C,

4<c,<8 B=8/C,

< D5

Ogs
or

O59 < 0.5Dgg

mm)

Greater than 50% passing
the No. 200 sieve (0.074

Woven: Ogg < Dgg
Nonwoven: Oggs < 1.8 Dgg

AOS No. (fabric) = No. 50 sieve

O5g < 0.5Dgg

Notes:

1. When the protected soil contains particles from 2.5 cm (1 in.) size to those passing the U.S.
No. 200 sieve (0.074 mm), use only the gradation of the soil passing the U. S. No. 4 sieve (4.76
mm) in selecting the fabric.

2. Select fabric on the basis of the largest opening value required (smallest AOS).

March 2000

U.S. sieve equivalent for which 95% of the fabric pores are smaller than the diameter. The AOS
is normally expressed asthe Ogs. The Ogg corresponds to the sieve opening size in millimeter
determined by the AOS test. A more recent summary of geotextile design is provided by Koerner

et al. (1994).

a. Pipingresistance criteria. Criteriafor selecting geosynthetics for soil retention (piping
resistance) are givenin Table 4-4.

b. Permeability criteria. Permeability should be based on the actual area of unobstructed
fabric available for flow. The criteriafor selecting geosynthetics based on permeability

are:

1. For critical/severe applications, the permeability of the fabric should be equal to or

greater than 10 times the permeability of the soil.

2. For less critical/less severe applications, with clean, medium to coarse sands and

gravels, the permeability of the fabric should be equal to or greater than the

permeability of the soil.

3. Optional additional qualifier, Ogs = 2 Dys.

c. Clogging criteria. The criteriafor selecting geosynthetics based on clogging potential

are:
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1. For critical/severe applications, select fabrics meeting piping, permeability, and less
critical/less severe clogging criteria and make soil/fabric filtration tests before final
selection. Filtration tests are based on actual soil/fabric interaction and
cannot/should not be done by the manufacturer.

2. For lesscritical/less severe applications:

a) Whenever possible, fabric with lowest AOS No. from the piping criteria should
be specified.

b) For woven fabrics -- Percent Open Area > 4%.

For nonwoven fabrics -- Porosity > 30%.

d. Chemical composition. Requirements and/or considerations for chemical composition
are:

1. Fibersused in the manufacture of geosynthetics (filter fabric) shall consist of long
chain synthetic polymers, composed of at |east 85% by weight of polyolephins,
polyesters, or polyamides. These fabrics shall resist deterioration from ultraviolet
exposure.

2. Thefilter fabric shall not be exposed to ultraviolet radiation (sunlight) for more than
30 days total in the period of time following manufacture until the fabric is covered
with soil, rock, concrete, etc.

e. Physical property requirements. Requirements for constructability and survivability are
givenin Table 4-5.

Geotextiles in erosion control

Layers of coarse gravel, cobbles, small boulders, rock fragments (riprap), and/or gabions can
provide effective erosion protection for streambanks, drainage channels, and dike slopes by
dissipating erosive hydraulic forces due to wave action or moving water and providing anchorage
to the natural soil. Geotextiles such as geogrids increase erosional resistance by (a) restraining
the riprap or other large material from sinking into the natural soil, (b) preventing the underlying
natural soil from being piped through the riprap, and (¢) permitting natural seepage to occur from
the protected soil to prevent a buildup of hydrostatic forces. A geotextile which meets the design
criteriafor afilter fabric given above can replace one or more layers (or al) of arequired
granular filter.

Specia net, mesh, and grid-type geotextiles can be placed directly on a slope, without riprap
cover, to temporarily hold soil, seeding, and mulch until vegetation has been established to con-
trol erosion. Hydraulic structures, such as culverts, bridge piers, and drop inlets also require ero-
sion protection. If vegetation cannot be established or the natural soil can be scoured from under
riprap placed directly on the natural soil, a geotextile can be used to replace the conventional
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Table 4-5
Physical Property Requirements for All Filter Fabrics
Test Method Unprotected Fabric Protected Fabric *
Grab Strength (ASTM D 1682) -- minimum in either
principal direction. 82 kg (180 Ibs.) 36 kg (80 Ibs.)
Puncture Strength (ASTM D 751) 36 kg (80 Ibs.) 11 kg (25 Ibs.)
Burst Strength (ASTM D 751) 2000 kPa 900 kPa
(290 psi) (130 psi)
Trapezoid Tear (ASTM D 1117) -- any direction. 23 kg (50 Ibs.) 11 kg (25 Ibs.)

* Fabric is said to be protected when used in drainage trenches or beneath/behind concrete
(portland or asphalt cement) slabs. All other conditions are said to be unprotected.

granular filter. In many of these applications, placement of the filter may be required below
water. Geotextiles offer the advantage of being easier to place underwater in many instances.

Filter construction considerations

The following construction considerations should be followed for all filter and erosion
protection applications.

a. Theground surfaceto be in contact with the cloth should be smooth, with no depressions
or holes, and free from large particles, limbs, or other debris.

b Thefabric should be placed loosely, laid with the machine direction in the direction of
anticipated water flow.

c. If seamed to reduce the cost of overlaps, only high-strength polyester, polypropylene, or
Kevlar thread should be used. Overlapping J-type seams are preferred over flat, prayer-
type seams. If flat, or prayer-type, seams are used, they should be double sewn. It is
recommended that all field seams be double sewn.

d. Overlaps can account for over 25% of total fabric costs. Overlaps should be in the
direction of water flow and stapled or pinned to the soil. A minimum overlap of 30 cm
(12 in.) between adjacent rolls and between adjacent roll ends is recommended. Steel
pins, 45 cm (18 in.) long, each with a4-cm (1.5-in.) diameter metal washer, are used in
firm, fine-grained soils. Longer pins are used in loose sand. Pin spacing varies according
to steepness of the slope, from 0.6 m (2 ft) ona1V: 3H slopeto over 1.5m (5 ft) ona
1V:4H or flatter slope.
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Use of Geotextiles and Geogrids to Reinforce Dikes

Sail has virtually no tensile strength. The tensile strength of geosynthetic materials may be
used to advantage to reinforce the interior of a dike against slope failure or a soft foundation if
placed in the tension area of potential failure zones.

Embankment slope reinforcement

The use of geosynthetics, either
geotextiles or geogrids, placed in one
or more horizontal layers within an
embankment will permit a steeper
slope. Where the dike islong and the
quantity of available fill soilsis small
or is otherwise too costly, less of the
same material at the same amount of
compactive effort will be needed. As
shown in Figure 4-10, the placement
of areinforcing geosynthetic at the
point of greatest potential tension,
where the circular failure arc or the
sliding wedge becomes nearly
horizontal, is the point of greatest
effectiveness. Where the potential
failure arc or dliding wedge zone
extends down into the foundation, as
shown abovein Figure 4-10, the
motion is across the material and the
geosynthetic is of limited value.

Geosynthetic
Failure Surfac

ROTATIONAL FAILURE IN DIKE -- GEOSYNTHETIC IN TENSION

=~ _ Movement——»

Geosynthetic
Tension crack

—_———— —— o ————————— ——

BLOCK SLIDING WITH CREST SLUMPING
GEOSYNTHETIC IN TENSION

Figure 4-10. Embankment slope reinforcement with
fabric.

The geosynthetic should be selected to have the highest practicable tensile strength.
Geotextile placement should be transverse to the length of the dike, i.e., the machine direction
transverse to the centerline, to prevent the use of seamsin the direction of potential tension
forces. Overlapping, therefore, occurs across the width with numerous overlaps along the length

of the dike.

The foundation layer to receive the geosynthetic should be compacted and bladed smooth.
Thefirst layer over the material must be placed by end dumping and spreading in from of the
machines to prevent direct wheel or tread contact. Machinery should be of such light weight that
no wheel or track will cause arut that may overstress the fabric. Light dozers or front-end
loaders, with 17 to 20 kPa (2.5 to 3.0 psi) contact pressure, are useful for this purpose. The
minimum fill cover under track or wheel compactorsis 15to 30 cm (6 to 12 in.). For sheepsfoot
rollers, the minimum initial fill cover should be at least 30 cm (12 in.).
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Dike construction on soft foundations

A geotextile or geogrid may be placed on the surface of a soft foundation under a proposed
dike. On a soft, compressible foundation this will not only serve to strengthen the dike against
lateral spreading, Figure 4-11, it will serve to limit the amount of vertical movement of the dike
due to foundation failure, as shown in Figure 4-11. Asthe dike is placed, the weight of the
embankment soil pushes downward into the soft foundation soil, causing a lateral displacement
of the soil and a“mud wave” at the dike toe.

In addition to use as adike
foundation reinforcement,
geosynthetics can serve as a roadway
reinforcement, to permit the use of
low-contact-pressure construction
equipment on a soft base. If the 4 N
moving tire or track is viewed as
having the same behavior as the long y "Mud wave”
dike on a soft foundation, as shown N
in Figure 4-11, then the downward
movement of the tire or track into the N e
soft soil is called arut, and the Very soft foundation soil
geosynthetic can serveto limit the
amqunt of _rut displ acer_nent._ . Figure 4-11. Potential embankment failure due to
Similarly, if aload of fill soil is excessive displacement.
placed on the surface of a soft
foundation soail, it may cause
displacement. Then, as the soil is moved laterally to spread it, a mud wave may form in the front
and to the side of the advancing soil mass. In these cases, geotextile or geogrid provides the
needed tensile strength to permit operation.

Use of Geotextiles as Geotubes

Geotextiles may be sewn longitudinally to form atubular shape, called a geotube. The ends
of a geotube are also sewn shut and water escape exits, which are later sewn shut, are cut into the
top of the tube at intervals. The geotube may then be filled from one end with hydraulically
pumped dredged material to form a sausage-like shape. Excess water will permeate through the
geotextile, but most or all of the soil material will be retained because of the filtering capability
of the fabric.

In this manner, avery soft, low density slurry can be confined to form abarrier or dike of
reasonable height to width ratio. The shape of the geotube after filling with low density material
depends on the density of the durry fill, the density of the surroundings, the circumference of the
tube, and the stiffness of the bag material. The filled geotube will have a modified elliptical
shape, with amajor portion of the bottom being flat, and a height of 30 to 40% of the resulting
width.

A geotube may be used to form either a permanent dike or atemporary barrier. Asa
permanent structure, it should be recognized that, as the interior durry dewaters, the dike will
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shrink in size. Also, the geotextile material will be subject to ultraviolet rays from the sun that
will cause deterioration. Therefore, if the wetland project requires the use of soft or loose
dredged material and geotube is used to contain the slurry, some form of sunlight protection
should be provided, perhaps by covering with soil.

Another interesting application for a geotube is as a water-filled temporary dike. The geotube
is made from an impervious geomembrane material. The seams must be glued or thermally
bound. Then, as atemporary retaining structure, it is simply filled with water. The height of the
water-filled impervious geotube must be higher than the impounded water for it to function asa
retaining structure.
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5-1 Overview of Hydrologic and
Hydraulic Analyses®

Background

The long-term success of awetland restoration project is dependent upon a viable water
source and supportive hydrology. Surface water can enter a wetland through precipitation,
runoff, streamflow, incoming tides; and spillover from an adjacent water body. Wetlands may
also receive water from groundwater and natural springs. Water entering the wetland is
continuously exchanged between the surface wetland, the groundwater, and the receiving waters.
Water exits the wetland through natural drainage channels, natural groundwater gradients,
seepage, evapotranspiration, outgoing tides, and water control structures. Regional rainfall often
follows a seasonal pattern which can be evaluated and applied to the design of the wetland
project. Other hydrologic features such as infiltration, seepage, and evapotranspiration are
controlled by large-scale geomorphic features, soil type, terrain, and geographic location. These
features may lend themselves to local modification to accommodate the wetland project.

Wetland hydraulic design is an iterative procedure, consisting of 1) proposed hydraulic
design, 2) site drainage analysis and surface flow hydrodynamic analysis with the proposed
featuresin place, 3) evaluation of the proposed design against the specified design criteria, and
4) modification of the proposed design. Designs must meet the design criteria and be compatible
with site limitations. The project budget can influence the project design because maintenance
requirements, initial investment, and annual costs will be limited by the funding available.

Scope

This section provides an overview of the appropriate tools for the analysis, design, and
construction of wetland hydraulic features. For an overview of wetland hydrology, please refer
to Chapter 2-4. Chapter 5-2 describes surface and subsurface drainage analyses and surface flow
hydrodynamic analyses. An overview of the design of water control structuresisgivenin
Chapter 5-3. Chapter 5-4 describes methods for erosion control and shoreline protection for
wetland sites.

1 By LisaC. Roig
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Hydrologic and Hydraulic Design Process

Hydrologic design and analysis procedures principally involve a description of the temporal
and spatial distributions of rainfall, runoff, water table fluctuations, and tides. The hydrologic
processes affecting wetlands include direct precipitation, runoff, streamflow, infiltration, surface
storage, subsurface storage, and groundwater flow. The circulation of surface water within the
wetland, also called surface water hydrodynamics, can also be important for the purposes of
wetland design and engineering depending upon the rate of water exchange, the currents within
the wetland itself, and the design criteria. The types of design features most often considered for
wetlands are water control structures, site grading, dredged channels, diversion structures,
culverts and erosion control measures. The hydrologic analyses required to design these features
may include one or more of the following: 1) determining the design storm or design tide; 2)
determining the maximum and minimum water surface elevations; 3) determining the circulation
patterns and maximum velocities; 4) determining the propagation of wind waves; 5) determining
the extent and duration of inundation events; 6) determining the minimum required inflows; or 7)
determining the maximum permissible outflows.

The hydrologic analyses required for the design of awetland project are normally divided
into two phases: 1) baseline hydrologic analysis of the site; and 2) hydrol ogic/hydraulic design
and analysis. Baseline hydrologic analysis of the site is required before devel oping the
preliminary designs and is more in depth than what would be produced during site selection. It
provides information about the sources of water, their magnitudes and the current distribution of
water on the site. A flow chart for developing a baseline hydrologic analysis of the siteis
provided in Figure 5-1. The baseline hydrologic analysis may also provide information during
the hydrologic-hydraulic design process, but additional analyses will be required depending
upon the feature to be designed. A generalized flow chart of the site design processis provided
in Figure 5-2.

Hydrologic and Hydraulic Analyses

Hydrologic and hydraulic analyses refer to the process of gathering, organizing, and applying
hydrologic data. The purposes of these analyses are to understand the distribution, abundance,
and dynamic behavior of water on the site. Varying degrees of hydrologic analyses are required
during initial site assessment, during site selection, during the development of conceptual
designs, and during the design of the engineering works. Hydrologic analyses that describe the
relationship of the wetland site to the contributing watershed usually need to be done only once.
The modification of onsite hydrology and its affect on the watershed downstream of the wetland
project must be repeated for each design and for each set of seasonal hydrologic conditions
specified in the design criterion. Table 5-1 lists the most common hydrologic analysis methods
and describes their intended use. The data requirements for each type of hydrologic analysis are
presented in Table 5-2.
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Figure 5-1. Baseline hydrologic analysis for wetlands.
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Table 5-1
Types of Hydrologic Analysis Tools

Hydrologic Purposes
Analysis Tool

Water Balance Quantify evaporation or seepage.
Identify all water sources and sinks within the hydrologic unit.
Determine adequacy of supply.

Rainfall-Runoff Models Quantify the amount of runoff generated by a rainfall event.
Determine the peak discharge at the outlet per storm event.
Determine the time to peak discharge at the outlet per storm event.
Determine the recession time per storm event.

Snowmelt-Runoff Models Quantify the amount of runoff generated by a snowmelt event.
Quantify the amount of runoff generated by a snowmelt season.

Frequency Analysis Determine recurrence interval of a storm event.
Determine reliability of a design structure.

Flood Routing Predict temporal and spatial movement of a flood wave in a channel
network.
Groundwater Flow Models Predict temporal and spatial distribution of groundwater in one-, two-, or

three-dimensions.

Surface Water Hydrodynamic | Predict temporal and spatial distribution of surface water in one-, two-,
Models or three-dimensions.

The following project attributes should be considered when selecting a hydrologic analysis
tool: 1) the demands of the stated wetland design criteria; 2) the type of control structures or
construction features to be designed; and 3) the project cost. These attributes are discussed
briefly below.

Demands of the Stated Wetland Design Criteria

Table 5-3 lists afew example hydrologic design criteria and their corresponding hydrologic
analysis requirements. Note that the example design features listed are only a sample of the
broad range of possible solutions. The appropriate design choice for a particular site will depend
upon the site configuration and the results of the pre-design hydrologic analysis.

Structural Features

Certain structural features require a specific hydrologic analysis to determine the design
parameters. The most common type of analysisis the determination of a design storm or design
tide. The design storm is the maximum storm event that an engineering feature can accommodate
without failure. In wetland restoration, the discharge resulting from a design storm is used to
determine the size of the outlet structure, the basin storage capacity, the minimum culvert
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Table 5-2

Data Requirements for Hydrologic Analysis

Hydrologic Data Required Desired Period Desired Frequency
Analysis Tool of Record

Water Balance Precipitation > 1year daily
Streamflows > 1year daily
Groundwater storage > 1 year weekly
Surface storage > 1year daily
Point sources and withdrawals > 1 year daily
Land use and vegetation cover > 1year seasonal
Watershed characteristics once -

Rainfall-Runoff
Models

Precipitation

Streamflows

storm duration

depends upon basin
response time

depends upon
basin response time

depends upon
basin response time

Watershed characteristics once once
Land use and vegetation cover > 1year seasonal
Antecedent soil moisture once prior to storm once
event
Snowmelt-Runoff | Average air temperature melting season daily

Models Snow cover o '
Snow water content o o
Snow surface albedo o o
Solar radiation ‘o ‘o
Precipitation (rain and snow) v v
Frequency Precipitation time series > 1 year depends upon
Analysis basin response time
Streamflow time series > 1 year depends upon
basin response time
Tide height time series annual at least hourly

Flood Routing

Basin inflow time series

Channel cross-section profile,
reach length, and bed slope for
all channel segments

Channel bed roughness for all
channel segments

duration of storm event

once for stable
channels

once for stable,
un-vegetated channels

depends upon
basin response time
once for stable channels

once for stable,
un-vegetated channels

Groundwater
Flow Models

Aquifer stratigraphy and
hydraulic conductivity of each
layer

Initial piezometric surface
throughout the basin
Subsurface flow boundary
conditions

Sources and sinks of
groundwater

once

once per simulation
event
once per simulation
event
duration of simulation
event

once

once per simulation event

once per simulation even

depends upon
basin response time

Surface Water
Hydrodynamic
Models

Basin bathymetry and
distributed bed roughness
Initial water surface elevation
and velocity field

Surface flow boundary
conditions

Sources and sinks of surface
water

once for stable,
un-vegetated channels
once per simulation
event
once per simulation
event
duration of simulation
event

once for stable,
un-vegetated channel

once per simulation event

once per simulation event

depends upon
basin response time
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Table 5-3

Hydrologic Analyses Required to Meet Example Design Criteria

Example Design Criteria

Type of Hydrologic Analyses Required

Example Design
Features

Pass design flood without
exceeding maximum
specified water surface
elevation in the wetland.

Determine the design rainfall event.

Quantify the runoff from the design event.

Route the storm hydrograph through the wetland.
Determine the maximum discharge at the control point.
Design the structure to meet the design criteria.

Overflow structures,
culverts, drop inlet
structures, gates,
valves, plugs,
pumps

Determine maximum water
surface elevation during
design flood.

Determine the design rainfall event.

Quantify the runoff from the design event.

Route the storm hydrograph through the wetland.
Determine the maximum water surface elevation.

Levees, overflow
structures, access
structures

Maintain water level within a
specified range.

Determine the design flood and design drought events.

. Propose several possible designs as dictated by the site
configuration and pre-design hydrologic analyses.

3. Quantify the surface flow abundance and distribution
under both flood and drought conditions for each proposed
design.

4. Compare the water levels achieved under proposed
designs against the design criteria.

5. Refine the best designs and repeat the analyses.

NP ONE O~ ON R

Overflow structures,
culverts, weirs,
gates, valves, plugs,
pumps

Do not exceed a specified
water velocity in the wetland.

1. Determine the design flood event.

2. Propose several possible designs as dictated by the site
configuration and pre-design hydrologic analyses.

3. Predict surface flow hydrodynamics for each proposed
design.

4. Compare the velocities achieved under proposed
designs against the design criteria.

5. Refine the best designs and repeat the analyses.

Land surface
grading and channel
dredging, culverts,
inlet and outlet
structures

Reduce the flood peak of the
100 year storm by 20
percent.

1. Determine the 100-year storm event.

2. Route the 100-year storm through existing wetland or
channel network.

3. Determine the peak discharge.

4. Propose several possible designs.

5. Route the 100-year storm through proposed channel
network.

6. Select the designs that meet the design criteria.

7. Refine the best designs and repeat the analyses.

Land surface
grading and channel
dredging, culverts,
inlet and outlet
structures,

Increase groundwater
recharge at the restoration
site by 20 percent

1. Determine the infiltration rates, seepage rates, temporal
and spatial distribution of groundwater at existing site.

2. Propose several designs with different surface water
detention and storage capacities.

3. Predict the recharge and distribution of groundwater
under each of the proposed plans.

4. Select the designs that meet the design criteria.

5. Refine the best designs and repeat the analyses.

Land surface
grading, outlet
structures, valves,
gates, plugs
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dimensions, and/or the minimum channel conveyance. Similarly, the design tide is the tide with
the maximum water surface elevation that can be accommodated by the engineering project. The
design storm and the design tide are normally determined by means of frequency analysis.

The peak discharge resulting from a design storm is a useful piece of information for the
design of aculvert or gate. If the watershed is gauged, the time series of discharge can be used to
determine the peak flow. Unfortunately wetland restoration sites are frequently located in
ungauged local depressions, floodplains and side channels. These small watersheds derive
inflow from local drainage and urban runoff which may be supplemented by imported water.

The peak flow in an ungauged watershed is determined by computing the runoff generated by the
design storm.

Tidal datafrom anearby harbor or marina can sometimes be used to determine the design
tide when onsite data are unavailable. The peak tide height from the design tide will determine
the height of levees, ilands, and weirs. Thetidal wave height may be either dampened or
amplified as it passes through the inlet depending upon the inlet morphology. For large
restoration sites, complex inlet morphologies, and ungauged tidal inlets, an onsite tidal gauge
should be installed to determine the tidal phase and amplitude in relation to permanent local
monitoring stations. If no local data are available a hydrodynamic model may be necessary to
determine local tide levels.

Project Cost

The overall cost of the project will bear upon the extent of the hydrologic analyses. Water
balance, rainfall-runoff models, snowmelt-runoff models, and frequency analyses are low-cost
procedures in terms of engineering labor. They are also less accurate than the more sophisticated
modeling techniques. Hydraulic flood routing, groundwater modeling, and surface water
hydrodynamic modeling can be expensive and time-consuming procedures. These more accurate
and expensive analyses are well justified when the wetland restoration project involves extensive
structural modification to the site. Because the use of simulation models reduces the uncertainty
in the design parameters, a more efficient design structure can result. Appropriate use of models
during the design phase could save millions of dollarsin construction and material costs on large
projects. Less accurate and less costly analyses are sufficient when the project requires only
minor engineering works. However a higher factor of safety should be applied.

Page 5-8 Chapter 5-1 Overview of Hydrologic and Hydraulic Analyses



Wetlands Engineering Handbook March 2000

5-2 Surface and Subsurface
Drainage Analysis®

Surface Water Analysis Methods

The following paragraphs describe the types of standard hydrologic analyses used to
interpret hydrologic data and make it useful for engineering purposes. The specifics of each of
these analyses are described in standard hydrology texts, and so are not repeated here. Useful
references include Maidment (1993), Bedient and Huber (1992), Viessman et a. (1977), and
Hydrologic Engineering Center (1980). These methods include statistical data analyses, simple
models, and empirical formulas.

Hydrologic Data

Hydrologic records that are of value for wetland design include precipitation, wind,
temperature, streamflows, lake levels, and river stages. Streamflow data are collected by various
state and federal agencies, including the U. S. Geological Survey (USGS), U.S. Army Corps of
Engineers (USACE), state departments of water resources, irrigation districts, and municipalities.
The USGS serves as a clearinghouse for data from most of these sources, and the annual
streamflow records for every station are published by state in Surface Water Supply of the
United States, a USGS Water Supply Paper Series. Lake levels and river stages are often
monitored by the USACE or the U. S. Bureau of Reclamation (USBR) in the vicinity of federally
maintained dams, reservoirs, and levee systems. River stages are also monitored by state water
resource agencies and municipalities that maintain any type of flood control project. Tide gauges
in estuarine systems are operated by the USGS, and by the National Oceanographic and
Atmospheric Agency (NOAA) in coastal areas. Precipitation data are collected by the National
Weather Service, by local weather bureaus, and by state resource agencies. Contact the local
office of the National Weather Service for more information.

Water Balance

One meaningful way to organize dataisto prepare awater balance. A water balanceisa
systematic method for quantifying the hydrologic components that are important within a

1 By LisaC. Roig
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specified drainage unit. A water balance includes all of the major sources and sinks of water
within the hydrologic boundaries of the system. It isauseful tool for identifying water supply
problems, for identifying preliminary design opportunities, and for assessing certain impacts of
proposed engineering measures. A water balance is often used to estimate the magnitude of
unknown hydrologic components such as groundwater flow and infiltration losses. The
Hydrologic Engineering Center (1980) has published a guide for the preparation of water
balances. The procedure published therein is summarized below:

1. ldentify the water supply components, including precipitation, streamflow, surface storage,
groundwater pumpage, groundwater storage, imported water, and return flow.

2. ldentify the water use components, including withdrawals, water rights, instream flow
requirements, evaporation, evapotranspiration, and seepage.

3. Select the water balance boundaries which may be hydrologic boundaries, institutional
boundaries, or a combination thereof.

4. Select the period of analysis which may be a historic drought period, a recent past period,
afuture period, a climatic year, awater year, or a calendar year.

5. Select the level of temporal and spatial resolution.
6. Write the water balance equation which can have several forms.

a. For flow through systems, the water balance equation can be written in terms of flow
rates, i.e.,, Downstream Flow = Upstream Flow + Local Inflow - Depletions -
Withdrawals

b. For surface storage systems, the water balance equation can be written in terms of
volumes, i.e., Surface Storage Remaining = Inflow + Storage - Depletions - Withdrawals

c. For groundwater storage systems, the water balance equation can be written in terms of
volumetric change, i.e., Change in Storage = Recharge - Pumpage + Inflow - Outflow

7. Quantify the water balance components. Guidance for this important step is provided in
Hydrologic Engineering Center (1980).

8. Interpret the results.

Two examples of water budget calculations applied to wetlands are Gilvear et a. (1993) and
Vardavas (1989).

Frequency Analysis

Frequency analysis uses the historic time series of measured rainfall, runoff, or tide height at
a gauge to determine the probability of recurrence of agiven event. Continuous data taken at a
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gauging station are quantized and tabulated in order to determine the frequency of occurrence of
aparticular flow rate or precipitation rate. The probability of occurrence of each quantized class
of measurements is then computed according to the cumulative frequency distribution. The
design event is chosen as the event having a probability of recurrence that is less than the
threshold of risk prescribed by project objectives. Methods of computing the probability density
function for hydrologic time series are treated extensively in the literature. A comprehensive
treatment of the subject is provided by Bedient and Huber (1992) and in many other standard
hydrology texts.

Rainfall-Runoff Analysis

Rainfall-runoff prediction is extremely important for wetland hydrologic design. Most
wetland projects are constructed in watersheds too small for historical streamflow datato be
available. Several methods have been developed to estimate the storm hydrograph characteristics
for watersheds that are not continuously monitored. The characteristics of the wetland
hydrograph that may be important for the design of control structures are the peak discharge, the
time to peak, and the recession curve. In the following paragraphs, simple hydrologic analysis
techniques are described that can provide ballpark estimates of the runoff in ungauged
watersheds. The limitations of each of these methods are described. It is recommended that
simple technigques be used during pre-design evaluation of the site and as afirst analysis tool
during the design phase. During the course of the analysis, the engineer is likely to discover that
the assumptions associated with the simple analysis result in alarger margin of error than is
acceptable for design purposes. More accurate hydraulic routing and hydrodynamic modeling
techniques may be required to completely describe runoff generation, distribution, and
abundance in ungauged watersheds.

Rational Method

The simplest rainfall-runoff method is the rational method. The rational method can be stated
as

n
Qpeak = 2 CliA (5-1)
-1
where

Qua = peak discharge at the outlet (L¥T)
j = index of catchment subregions

n = number of catchment subregions upstream of the outlet
G = runoff coefficient corresponding to the predominant land use or vegetation typein
subregion

[ = rainfal intensity (L/T)
A = surface area of subregionj (L?)

1

While the rational method is simple to apply, some of the implicit assumptions limit its
application:
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a. Rainfalsat auniform intensity over the catchment area

b. Theduration of rainfall is sufficient that the entire catchment area contributes to the
discharge at the outlet (equilibrium hydrograph).

c. Storage and infiltration losses are proportional to the rainfall intensity, and are
independent of antecedent precipitation. The rational method is often used in
engineering because the peak discharge computed by this method is the equilibrium
discharge, and is therefore greater than the discharge expected from an actual storm of
limited duration.

In wetland hydraulic design, the specification of runoff coefficientsis particularly important.
The runoff coefficient accounts for depression storage, infiltration, and evapotranspiration of
rainfall. If thewetland is completely submerged during a storm event then depression storage
and infiltration can beignored. The peak discharge for engineering design purposes will occur
when all depression storageisfilled and the soil is completely saturated. All excess precipitation
will then be directed to the outlet as direct runoff. Therefore, the runoff coefficient for a
submerged wetland is essentially 1.0 since evaporation from the water surface usually can be
neglected during a storm event.

If the wetland catchment area or subregion is not completely submerged, then the runoff
coefficient is estimated according to soil type, vegetation type, and depression capacity. Vaues
of the runoff coefficient quoted in the literature for vegetated areas range from 0.05 to 0.35.
Vaues of C arelower for sandy soils and higher for dense soils. The slope of the subregion also
affectsthe value of C. Steeper slopes result in higher values of the runoff coefficient than mild
slopes. Finally, the vegetation density affects the runoff coefficient. Higher plant densities
reduce runoff and increase evapotranspiration, resulting in alower runoff coefficient than for
sparse vegetation.

The rational method has been used extensively in small urban watersheds where runoff
coefficients for impervious materials are well known. The method islessreliable in vegetated
watersheds because of the uncertainties associated with the runoff coefficient. For design of
wetland hydraulic structures, the rational method is most useful for submerged wetlands with
small catchment areas (less than 10 acres). The uncertainty in assigning appropriate values for
the runoff coefficient increases with increasing catchment area. The assumption of an
equilibrium hydrograph is reasonable for small watersheds but is rarely achieved in larger basins
where the time of concentration islarge.

Unit Hydrograph

In wetlands with large catchment areas, the unit hydrograph may be used to estimate peak
discharge for a storm of a given duration. This method permits the engineer to design for a
realistic storm of limited duration, unlike the rational method which assumes that the storm
duration is equal to or greater than the time of concentration. The assumptions of the unit
hydrograph method are:
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a. Thewatershed responseislinearly related to rainfall intensity
b. Therainfal during astormis spatialy and temporally uniform
c. Thewatershed response is independent of antecedent precipitation.

The assumption of linearity is adequate to determine design discharges for culverts and gates.
These assumptions are not appropriate for design of wetland channels and habitat areas.

The unit hydrograph for a storm of a given duration can be derived by monitoring the
discharge at the outlet during a single storm event. The time-discharge response recorded for a
two-hour rainfall event is assumed to have a characteristic shape which is constant for all two-
hour storms. The magnitude of the discharge is assumed to be linearly proportional to the
rainfall intensity. Therefore, the unit hydrograph represents the basin outflow (in cubic inches
per second) resulting from one inch of direct runoff generated uniformly over the drainage area
at auniform rainfall rate during a specified period of rainfall duration (Sherman 1932). This
method is advantageous when little historic data are available. The response of the watershed to
adesign storm can be estimated from storm hydrographs measured at the outlet over a short
monitoring period (approximately one year). However, the assumption of linearity is not
realitic, particularly when extended to extreme flow events. The uncertainty associated with
estimates derived by the unit hydrograph method is high.

Synthetic Unit Hydrographs

Before the widespread use of personal computers, a variety of techniques were devel oped to
synthesize unit hydrographs in watersheds that have not been monitored. These methods
generally rely on empirical runoff coefficients developed for a gauged watershed that are then
applied to an ungauged site. These methods have proved to be of limited value because of the
high level of uncertainty in these coefficients. With the advent of personal computers alarge
number of more accurate numerical hydraulic routing software have been developed to predict
runoff generation from ungauged watersheds. Graphical user interfaces make these software
packages easier to use than they once were. It isrecommended that the wetland engineer pursue
the more accurate and less empirical hydraulic routing techniques rather than the synthetic unit
hydrograph techniques for the prediction of runoff generation when no streamflow data are
available. Hydraulic routing is discussed in more detail in the following section.

Correlation Models

If sufficient data are available and the hydrology of the wetland is sufficiently simple one can
sometimes correlate a continuously monitored hydrol ogic variable to another, unmonitored
hydrologic variable. For example, streamflow at an upstream gauge may be correlated to the
water level in the wetland. If so, one can construct a correlation model to predict the water level
in the wetland based on data coming from the stream gauge. To construct a correlation model, an
onsite monitoring program is required to measure both of the parameters of interest synoptically
and over arange of hydrologic conditions. These data can then be analyzed statistically to
determine if acorrelation exists. Once the correlation has been quantified, measurement of the
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second parameter can be discontinued. When collecting data for a correlation model it is
important to include data collected during extreme events, such as floods and droughts. This
procedure reduces the uncertainty of predictions made using the correlation model during
extreme events. A comprehensive treatment of correlation models can be found in Kleinbaum
and Kupper (1978) or in any linear regression text. An example application of a correlation
model for wetland hydrology was presented by Richter (1995).

Surface Flow Hydrodynamics

Wetland engineering requires that hydraulic control structures and construction features
produce a pattern of inundation that promotes the growth of beneficial wetland vegetation. The
frequency, duration and depth of inundation events will have a combined effect on plant species
distribution. Certain aquatic animal species exist in narrow ranges of hydraulic conditions that
are related to the maximum current vel ocity, the minimum current vel ocity, the degree of vertical
mixing, the salinity, and the stability of the channel substrate. The specified wetland design
criteria should include the exact inundation duration and frequency requirements, the desired
substrate, and the water quality (particularly salinity) specifications for the desired assemblage of
vegetation and wildlife. The engineer must solicit the aid of awetland biologist who is familiar
with the desirable speciesin order to determine these design criteria

Surface flow hydrodynamics and hydraulic flood routing are two techniques for analyzing
the spatial and temporal distribution of surface flowsin awetland. Hydraulic flood routing is
used to compute the storm runoff generated in basins or sub-basins and to route the storm runoff
through a network of one-dimensional drainage channels by one of several numerical routing
methods. Surface flow hydrodynamic modeling is a technique by which the shallow water
equations are solved numerically in either one, two, or three dimensions. Hydraulic flood
routing computes a flood hydrograph at each computational point in the system. Surface flow
hydrodynamic modeling provides the depth of water and the vel ocity, magnitude and direction at
each computational point in the system and at each computational time step. Flood routing is
most commonly used to determine peak discharges, time to peak, and recession curves for
complex channel systems. Hydrodynamic modeling is used to determine current patterns and
flow depths in complex flow regions which may be channelized or spread over abasin with an

irregular topography.

Methods of Analysis for Surface Flow Hydrodynamics

Hydraulic Flood Routing

Nonlinear methods of hydraulic routing within the wetland watershed are useful for
determining peak discharge, for predicting the temporal response of the wetland to a flood event,
and for analyzing spatially and temporally heterogeneous hydrologic events. Hydraulic routing
utilizes physically based equations of open channel flow to account for channel resistance and
storage capacity. The degree of accuracy for these methods is high provided that the appropriate
forms of the equations are applied, and the hydrogeomorphic data supplied to the model are
accurate. The datarequired for hydraulic routing include:
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a. Temporal and spatial distribution of rainfall for the design storm

b. Spatially distributed runoff coefficients, or inflow storm hydrographs for each of the
catchment subregions

¢. Channd and floodplain cross sections over the basin
d. Channel roughness characterization
e. Downstream boundary condition

Datarequired for hydraulic routing must be generated as part of the wetland design project.
Recent developments in computer software have made processing and analyzing geomorphic
data much easier than in the past. Geographical information systems (GIS) and graphical data
displays provide special purpose toolsthat are ideally suited to watershed analysis. A software
package called GEOSHED has been devel oped to anayze hydrologic characteristics of
catchment basins (Richards 1993b).

The effort required to perform hydraulic routing can result in a net cost savings over designs
based on the rational method or the unit hydrograph, in spite of the greater amount of data
required. A large degree of uncertainty is associated with both the rational method and the unit
hydrograph method. This uncertainty can result in overestimation of the design discharge and
the need to specify a high factor of safety. A project that is overdesigned for the site will have
concomitant excess material and construction costs. Design phase site evaluation and data
collection is a cost-effective approach because time charged in preconstruction analysisis
typically cheaper than time charged during construction.

Hydraulic routing models are sufficiently complex that a computer program is employed to
perform the calculations. Computer models also permit the engineer to specify more spatial
heterogeneity in the catchment subregions than can be considered using hand calculations. Thus,
the physical characteristics of the wetland watershed can be accurately represented, which
reduces uncertainty in the calculated peak flows. Hydraulic routing models represent drainage of
the catchment area as flow through a network of one-dimensional conveyance channels.

The simplest routing methods, such as the Muskingum Method, are based on continuity of
mass. Travel timethrough areach is estimated from the channel storage capacity. In practice,
the travel time coefficients for Muskingum routing are back-cal culated from observed storm
hydrographs. Models based on physical characteristics of the watershed are preferred for
wetland restoration projects because measured hydrographs are rarely available. Hydraulic
routing can be calculated by simultaneous solution of the equations of momentum conservation
and mass conservation. Examples of physically based routing models are the diffusive wave
model, the kinematic wave model, and the dynamic wave model (Henderson 1966). Many public
domain computer programs exist to facilitate hydraulic routing cal culations, including the model
HEC-1 (Hydrologic Engineering Center 1981). The GEOSHED software package integrates a
GIS database with HEC-1 to perform hydraulic routing calculations in spatially heterogeneous
watersheds (Jones et al. 1990; Nelson et al., 1993; Richards 1993b).
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A friction coefficient must be specified for solution of the momentum equation in open
channel flow. This coefficient describes the resistance force caused by the bed and the vegeta-
tion. Manning and Chezy coefficients are widely used. In wetland watersheds, resistance due to
vegetation is high, and the effect of the vegetation on the flow can extend throughout the water
column. Manning's n values from 0.1 to 0.35 have been reported for hydraulic routing in
wetlands, with higher values corresponding to greater vegetation densities. Recent research
indicates that Manning's n values in vegetated channels are not constant, but vary with flow
velocity and depth. (Roig 1994).

The methods discussed herein for computing the peak discharge in an ungauged watershed
include the rational method, the unit hydrograph, and hydraulic routing. Of these methods,
hydraulic routing provides the highest degree of accuracy and reliability. Therational method is
adequate for small wetlands that are largely inundated during the design storm, and where over-
design of the structure will not result in excessive construction costs. Collection of geomorphic
datafor hydraulic routing can be aworthwhile investment because peak flows are more
accurately estimated. A more efficient design for the control structure will result.

TABS-MD and FastTABS

A two-dimensional, vertically averaged hydrodynamic model can be used to predict
circulation and ensure that hydrodynamic conditions meet biological requirements. Parameters
such as channel dimensions, gate operation schedules, and weir heights can be adjusted within
the model to test the design against biological design criteria (Richards 1993a). Example
applications of a two-dimensional hydrodynamic model are presented by Evans and Roig (1995).

The Waterways Experiment Station has developed a multidimensional, vertically integrated
finite element model system (TABS-MD) which will accurately model the surface flow in
wetlands. In addition, a graphical interface (FastTABS) has been developed which permits the
user to rapidly analyze various wetland plans. FastTABS provides both pre- and post-processing
functions. The flexibility to modify the numerical grid resolutionsis particularly useful in
wetland environments where engineers must address a variety of environmental and operational
guestions.

The TABS-MD hydrodynamic modeling system consists of a group of models which include
hydrodynamics, transport, and sedimentation. The two-dimensional, vertically averaged
hydrodynamic model is based on RMA2V, amodel originally developed by Norton, King, and
Orlob (1973). It has been further devel oped by the WES Hydraulics Laboratory and is referred
to asRMA2-WES. RMA2-WES computes the water surface elevations and vertically averaged
flow velocities using the finite element method. Both steady-state and dynamic solutions can be
obtained. Boundary conditions are specified as flow rates, water elevation, or water velocity. A
fully implicit finite difference discretization in time permits the modeler to choose a variable
time step that can accurately capture the changes in the boundary conditions over time.
Hydrodynamic parameters such as Mannings n and eddy viscosity can be defined by element
type or by individual elements or nodes. These parameters may be temporally and spatially
varied. An essential modeling feature for wetland modeling is the ability to simulate intermittent
flooding and draining of the marsh surface over the simulation period.
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The FastTABS computer program was devel oped by the Brigham Y oung University
Engineering Computer Graphics Laboratory in cooperation with the Hydraulics Laboratory,
Waterways Experiment Station. It isagraphic pre- and post-processor for the TABS-MD
hydrodynamic modeling system. This allows the wetland designer to quickly and easily
construct afinite element mesh, generate hydrodynamic results with RMA2-WES, analyze the
results for validity, and perform modifications. Results can be presented on an areal basis by
contouring (either by contour lines or color shading) or on anodal basis viatime-series plots of
water surface elevations and velocities. Results can be saved as graphics files and in spreadsheet
format.

Wetlands Dynamic Water Budget Model

A link-node model for wetland hydrology and hydraulics has been devel oped by Walton
et a. (1995). This model incorporates interactions between surface water flows, vertical
processes, and horizontal groundwater flow. Some of the processes that can be described with
this model include channel and overbank flows, tidal forcing, riverine inflows, upstream basin
flows, wind shear, flooding and drying, bottom friction, hydraulic structures, canopy interception
and drainage, infiltration, surface water evaporation, soil water evaporation, transpiration, and
variably saturated horizontal groundwater flow. The model has been used to evaluate alternative
wetland management scenarios.

Other Hydrodynamic Models

The modeling systems described above are not the only hydrodynamic models available for
shallow water flows. However, few other commercially available models are targeted for
wetland applications. Other hydrodynamic models for wetlands are being developed in the
academic and research arena, some results of which are published in current scientific journals.
These models are generally available by contacting the author of the model.

Groundwater Interactions, Seepage,
and Infiltration Analysis Methods

Naturally occurring wetlands frequently exist in areas with a high water table. Some
wetlands occur because the water table actually rises above the land surface, contributing to the
surface flow. Other wetlands occur in areas of active groundwater recharge because the
abundant and widespread surface flow in the wetland saturates the soil and eventually intersects
the water table. For the purpose of wetland design the engineer would like to know whether the
net seepage is positive (from the surface water to the groundwater) or negative (from the
groundwater to the surface water). This piece of information is frequently obtained by means of
awater balance as discussed above. A water balance accounts for all measurable sources, sinks,
and storage of water in the wetland. Two hydrol ogic components, seepage and evapotranspira
tion, are typically not measured. If the engineer can estimate evapotranspiration from a
knowledge of the vegetation cover, then the only unknown component of the water balance is
seepage, which can be found by difference. The other methods that are available for estimating
groundwater contributions are much more complex. Groundwater flow modeling may need to be
used when groundwater is determined to be the major source of water to the wetland, when there
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isinsufficient water supply datato prepare a proper water balance, or when the siteislarge and
spatially complex. Monitoring wells can be helpful for determining the piezometric surface
which sometimes gives an indication of the flow direction.

Subsurface Data

Networks of monitoring wells are maintained by certain local, state and federal agencies for
special purposes. Irrigation districts often monitor aquifer levels to determine irrigation water
supplies. Municipalitiesthat rely on groundwater for domestic and industrial water supply aso
monitor the local aquifer levels. The USGS and USBR maintain monitoring networks in some
regions for research purposes and for environmental impact assessment. Unfortunately, thereis
no central clearinghouse for groundwater data that encompasses all participating agencies. State
departments of water resources are a good source of information about the extent and availability
of existing groundwater data.

Modeling

Water Balance Models

A water balance is a systematic method for presenting information about sources, sinks, and
storage of water within a bounded region. Many wetland design problems are concerned with
the control and management of surface water resources. But the engineer must know the
magnitude and direction of seepage in order to design appropriate engineering works. The water
balance is a suitable method for determining seepage if sufficient surface water data are available
and if the flow behavior of the aquifer will not be significantly impacted by the engineering
design. A water balance requires data about the annual precipitation, streamflows, and
evapotranspiration. If the watershed is ungauged, a surface water monitoring program must be
initiated in order to construct awater balance. The Hydrologic Engineering Center (1980) has
published a guide for the preparation of water balances.

Infiltration Models

Infiltration of surface water into the soil isimportant for determining rainfall-runoff
relationships. It isaso important for computing the groundwater storage volume and soil
moisture. Most rainfall-runoff models compute the infiltration as a percentage of the total
precipitation reaching the soil surface. This percentage varies depending upon the soil type, the
vegetative cover, the land surface slope, the antecedent soil moisture conditions, and the depth to
groundwater. A variety of methods have been developed to determine infiltration rates based on
these factors. An overview of the most frequently used modelsis provided in Maidment (1993).
These models include the SCS Runoff Curve Number model, the Horton model, the Holtan
model, and the Green-Ampt model.

Groundwater Models

Groundwater modeling is a technique by which the equations governing groundwater flow
are solved in one, two, or three dimensions over a spatially discretized domain. A computer
program is employed to solve the resulting system of equations. Groundwater modeling will not
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be necessary for most wetland restoration and creation projects. The exceptions are wetlands
where groundwater is the principal source of water and the flow of water in the aquifer islikely
to be impacted by the wetland engineering works. A complete discussion of groundwater
modeling is beyond the scope of this handbook. An introduction to the subject has been
published (Bear et al. 1992).
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5-3 Design of Water
Control Structures?

Introduction

Man-made wetlands require some means to control the quantity and depth of water at agiven
location. Consequently, hydraulic structures are a basic part of creating, restoring, and enhancing
wetlands. Throughout history, man has been building structures to contain or control water. The
result is that methods have been established to achieve this purpose and the “hard” engineering is
relatively straightforward once the conceptual design has been established. Wetland structures
generally fit into one of four categories: water containment structures, water control structures,
erosion control structures, and habitat structures. This chapter describes water containment
structures and water control structures; Chapter 5-4 discusses erosion control structures.

Inflow Design Considerations

Water is the basic component of awetland site. The source of the water may be natural
runoff delivered to the site by stream or overland flow, groundwater, or through tidal action. In
such cases, the quantity and timing of the inflow is uncontrolled but may be statistically
estimated through appropriate hydrologic analysis. Water may be delivered to the site through
rigid controls such as by pumping or through an operated control structure (Watson and Hobson
1988). Theinflow to the site may be semicontrolled through the use of restricted entrances such
as small or gated culverts or by raised weirsthat allow inflow to the site only if the water supply
is above some fixed or adjustable elevation. Tidal inflows may be moderated through the use of
limited width openings or weirs in levee systems (Chabreck 1976). If structural options are used
for the inflow, the design should accommodate changing conditions on the supply side of the
structure as well as on the wetland side. Channels or other distribution systems may be required
on the wetland interior to help spread the flow throughout the site.

1 By CharlesH. Tate, Jr. and Trudy J. Olin
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Structure Types

Water Containment Structures

Containment structures confine water, sediments and in some cases nutrients and
contaminants within awetland. Permeable containment structures capture sediments, while
allowing water to pass through the structure. Impermeable containment structures serve to
impound water within the wetland and inflows must be discharged through pipes or culverts or
over weirs or spillways. Common containment structures include:

a. levees
b. dikes

c. embankments

d. dams

e. gabions

f. fabric bags
g. walls

h. liners

Levees, dikes, and embankments are all terms used to describe an earthen structure used to
contain or control the direction of water flow; Section 4 describes the characteristics of these
earthen structures. Asin Section 4, the function of these structure is similar for the applications
described here. Thus, “dike” in the following paragraphs refersto all of these structures.

Dikes can be effectively used in awetland system to control flow paths and to minimize
short-circuiting. Often these structures are used to subdivide a wetland area to alow operational
management, to control flow paths (Watson and Hobson 1989), or to establish differing habitat
areas. These are the structures normally used in wetland construction due to cost, material
availability, and material suitability. General engineering practiceisto build dikes with a narrow
base, steep sides, and a uniform cross section limited only by stability requirements. These guide-
lines may be inappropriate for wetland construction. The side slopes that are under the water
should be varied to create variable widths of emergent vegetation (Grimball 1992). The slopes
above the water surface should be designed based on the wetland functions such as habitat.
Slopes that are too steep or too flat may not be suitable for specific habitat. Variable slopes
would accommodate multiple habitat requirements. The top width of dikes should include main-
tenance needs such as equipment access and patrols. Usual causes of dike failure are overtop-
ping, undermining, sloughing, piping, or seepage along water control structures placed through
the dike. The design of the dike should eliminate these dangers as much as possible (Soil
Conservation Service 1992). Erosion control should be provided where the dike is subject to a
high energy environment due to waves or high velocity flow. This protection may be supplied by
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vegetation, riprap, or geotextiles or a combination of these. Burrowing animals may undermine
dikes and should be accounted for in the design and maintenance process. In addition to
containing the water, dikes may be used to direct or control the flow path through the wetland
site. Such dikes may extend from the boundary or containing dikes or may be separated from the
boundary to provide isolated habitat. Clusters of islands may also be used.

Water containment structures may also be constructed with walls made from wood, steel,
concrete, fabric bags, gabions, or any other suitable material. Liners may be used with pervious
construction materials to form an impermeabl e surface. Table 5-4 lists some structure types with
materials and design considerations.

Water Control Structures

Some type of water level or flow control structure is usually required to control the hydraulic
regime of arestored or created wetland. Water control structures control the surface elevation,
volume, direction, depth and velocity of flow into and out of awetland. Inlet and outlet control
alows flexible operation of the wetland through volume and flow rate control in conjunction
with the duration and season the wetland will be inundated. Such flexibility may be essential for
establishment and survival of wetland vegetation and to attract the desired wildlife. Natural open
channels are the simplest water inlets and outlets. As necessary, these channels can be protected
using concrete or stone lining, and flow control can be added with a control structure such asa
welir.

Most wetland designs will incorporate some type of inlet or outlet structure, flow splitter, or
diversion structure for controlling the flow of water through the wetland. These structures can be
completely passive, or require manual or automated operation. Regardless of their construction
or operation, all water control structures require periodic maintenance, occasional clearing of
obstructions, and performance monitoring.

Outflow isusually controlled by overflow structures, submerged culverts, or, on rare
occasions, by pumps. Overflow structures usually consist of overflow weirs constructed using
flashboards, sills, spillways, and drop inlet pipes. Culverts often have some form of adjustable
flow control device on one end. These structures may be located in the ponded area or remotely
located in the embankments of the wetland. Controlling the outflow from awetland is directly
dependent upon the wetland function being obtained and the ultimate use and design of the
wetland system. The wetland area may be designed for flood conveyance which would require
sufficient capacity to temporarily store runoff for later release. The pool elevation might need to
be regulated to maintain proper water depth for specific habitat needs. The possibility of total
drawdown of the wetland might be necessary for wetland management purposes. Table 5-5
presents common water control structures and important design considerations for those
structures.

For impoundments with dikes 1 ft or less in settled heights the Soil Conservation Service
(SCS) states that vegetated spillways may be used in lieu of structures with dewatering done by
cutting the dikes. For impoundments with dikes more than 1 ft in settled height, the SCS
recommends the following outflow structures:
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Table 5-4
Water Containment Structures and Design Considerations
Structure Materials Design Considerations
Type
Dikes Earth - silty or clayey « Dike height limited by foundation stability and by base width
sand, sand or gravel: required by angle of repose of dike materials
permeable dikes will be « Erosion susceptibility of materials should be considered - slope
constructed from coarsest erosion and toe scour may occur - dike protection may be required
material, impermeable under certain conditions
from finer materials « Soil characteristics as related to dike construction are listed in
SCS (1992)
* Low cost structure
Reference: Eckert, Giles, and Smith 1978, SCS 1992, US Navy
1971, Hammer and Blackburn 1977
Cofferdam Cells filled with granular « Cofferdams are used as temporary structures in construction
material. Cells may be where isolation of a site from the adjacent water body is required.
constructed from any Fill can be placed behind permanent cofferdams.
material, but usually steel »  Maximum height 60 feet under optimum conditions (maximum
sheet-piling. economic height typically about 20 feet) (Eckert, Giles and Smith
1978)
« Good erosion resistance
* Susceptible to toe scour
« High cost structure
Reference: Eckert, Giles, and Smith 1978, US Navy 1971
Gabions Galvanized or coated wire « Gabions form a somewhat permeable wall: may not retain fine
baskets filled with 4- to materials unless paired with filter fabric
10-inch-diameter rock and | « Maximum height approximately 10 feet with multiple thicknesses or
stacked and wired counterforting (Eckert, Giles and Smith 1978)
together « Susceptible to toe scour when placed on erodible substrate:
flexible gabion apron may be required.
* Moderate cost structure
Reference: Eckert, Giles, and Smith 1978
Geotextile Synthetic fabric bags filled « Geotextile containers can be used for dike construction, island
Containers with sand, sand-cement, construction and for training structures (see also erosion control
concrete or fine soils or structures)
sediments. « Maximum height typically 16 feet or less for freestanding structures
(Eckert, Giles and Smith 1978)
« Permeable fabric bags must be paired with filter cloth or a stone
filter layer to retain fine materials
« Propagation of natural vegetation through containers filled with fine
materials can occur
« Good erosion resistance; Articulated mattress at toe may be
required to prevent toe scour
¢ Low cost - 3-5 year life for sand filled, sand-cement bags have
extended life, and concrete filled bags can be considered
permanent (Eckert, Giles and Smith 1978)
Reference: Eckert, Giles, and Smith 1978, Fowler and Sprague
1993 LISACE 1977

Chapter 5-3 Design of Water Control Structures

Page 5-23




Wetlands Engineering Handbook

March 2000

Table 5-4 (continued)
Water Containment Structures and Designh Considerations

materials

Structure Materials Design Considerations
Type
Cantilevered Arch web or « Maximum wall height approximately 15 feet under optimum
Retaining Z-type steel sheet piles; embedment conditions; adequate embedment in firm bottom strata
Wall wood; concrete required (Eckert, Giles and Smith 1978)
« Good erosion resistance; Toe scour occurs under some conditions
* Moderate to low cost structure/sheet piles can be rented for
temporary structures
Reference: Eckert, Giles, and Smith 1978, US Navy 1971
Anchored Arch web or « Maximum wall height approximately 40 feet under optimum
Retaining Z-type steel sheet piles; embedment conditions; adequate embedment in firm bottom strata
Wall wood; concrete required (Eckert, Giles and Smith 1978)
« Good erosion resistance; Toe scour occurs under some conditions
* Moderate to high cost
Reference: Eckert, Giles, and Smith 1978, US Navy 1971
Liners Clay or synthetic « Transport of leachate or very fine particles and associated

contaminants into groundwater can be restricted with the use of
appropriate lining material
Reference: Koerner 1998

a. A straight drop structure, which may be equipped with removable stoplogs, constructed
of treated timber, metal, sheet piling, rock, or concrete.

b. A pipe provided with aswivel elbow and riser.

c. A pipedrop inlet structure, which may be equipped with a gate, valve, or plug for
controlling flow.

d. A pipe provided with a perforated riser.

Hydrologically isolated wetlands that do not have a contributing drainage area will require
outlet control structures only if groundwater inflow and precipitation will likely exceed
evapotranspiration and the available water storage volume.

Sediment

Reduced flow velocities found in wetlands, whether natural or man-made, allow sediments
transported into the wetland with the inflow to settle to the bottom. Trapped sediments occupy
part of the wetland volume, thereby reducing its effectiveness at removing future sediments from
the inflow. Because nutrients are often associated with the sediment particles, incoming
sediments can increase the vitality of the wetland. However, wetlands which receive large
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Table 5-5
Water Control Structures and Design Considerations
[ Structure Function Materials Design Considerations
Type

Distribution Distribute flow over Perforated pipe . Uniform flow distribution is important to subsurface

Header width of wetland Pipe wifixed or flow systems (Watson and Hobson 1989)
movable tees . A distribution header may be located above or
Channels with below ground. Above ground headers can feed
multiple outlets into a gravel trench for uniform distribution.

Reference: Watson and Hobson 1989

Headgates Water level Sheet metal Headgates are typically a simple device consisting of an
regulation angle iron frame fitted to the face of the inlet flume or
pipe, and extending above it. Within the frame is
mounted a sheet metal “gate” which is raised and
lowered by means of a threaded rod and flywheel.
Pipes/ Water level PVvC . Relatively maintenance free
Culverts regulation Galvanized «  Suitable for water level regulation for small
Concrete impoundments
Cast Iron . Submerged inlet - perforated collector pipe
configuration or short riser with hooded inlet - may
have swiveling elbow to horizontal outlet pipe

. Swiveling pipe structure limited to small diameter
pipe and small flows

. Inlet may be susceptible to sedimentation

Reference: Hammer 1992

Swales with | Vegetated open Earth, natural . Swale blocks are simple earthen berms placed
and without channel for vegetation perpendicular to the flowline of the swale. Swale
Swale transport and blocks are used to create temporary detention
Blocks infiltration of storm within a section of swale to permit time for

water infiltration.

. Inlet/oulet structures sized to pass maximum-
design storm flows, sited to minimize short
circuiting

Reference: Wanielista et al. 1986

Parshall Utilized to measure Concrete
Flume and control flow rate | Sheet metal
Treated or rot
resistant wood
Flashboard Utilized to control Metal pipe riser . Asphalt or other coatings necessary in corrosive
Culvert water level and with flashboard waters
outflow (stoplog) «  Typically risers no larger than 0.8 meter (Hammer
fittings/wood 1992)
stoplogs . Not suited to large flows or widely varying flows

. More susceptible to blockage than stoplog
structure

Reference: Hammer 1992
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Table 5-5 (continued)
Water Control Structures and Design Considerations

Structure Function Materials Design Considerations
Type
Weir Utilized to stabilize Sheet piling . Effects: Species diversity and long-term vegetal
water levels or Wood mortality effects due to limited drainage should be
prevent complete Stone considered.

drainage of wetland Concrete
with tidal fluctuation. | \/eqetated earth | Reference:  Nyman, et al. 1993
Aquatic plants
proliferate,
waterfowl habitat is
increased,
navigable
waterways are
maintained.
(Nyman, Chabreck
and Kinler 1993)

Stoplog Utilized to maintain PVvC . Water level control achieved by adding or
Structures variable water levels | Wood removing stoplogs
in impoundment Concrete walls/ . More expensive than flashboard culverts or
wood stoplogs swiveling pipe structures - less susceptible to

blockage, better handles large flows - utilized in
larger impoundments (Hammer 1992)

Reference: Watkins 1992, Hammer 1992

Flow Direct or distribute Pipes, Flumes . Typically, orifices are parallel and of equal size, at
Splitter flow within a single Wiers, Slotted the same elevation
wetland “cell”, or baffle plates, e Flumes minimize clogging problems for high solids
between multiple Perforated applications
cells distributor pipe

Reference: Watson and Hobson 1989

Baffles/ Direct flow, increase | Earthen dikes Baffles increase the retention time by reducing short-

Finger flow path to Steel plates circuiting of flows and are useful for maximizing

Dikes maximize retention Riprap sedimentation efficiency and other processes, such as
time, optimize Gabions biodegradation, that are a function of retention time

length to width
ratios, minimize
short-circuiting

sediment loads can fill rapidly with sediment. Accordingly, a provision to either remove the
sediments prior to reaching the wetland or an occasional dredging of the wetland may be
necessary. Most sediments can be removed by employing a settling basin upstream of the
wetland to protect it from the incoming sediment load. The settling basin should not be
considered as habitat area and plans must be made to remove the sediments from the settling
basin periodically. Easements and methods of access for sediment removal should be included in
the design along with the information that this portion of the site will be subjected to
construction activity on some periodic basis.
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Fine sediments take longer to settle and will often pass through a settling basin into the
wetland site. Over time there will probably be alossin water volume as these sedimentsfill the
site. Long period renovation may need to be considered in the design based on the fine sediment
load to the site. V egetation reduces the flow velocity due to the resistance of the roots, stems, and
leaves to the flow and fine sediments fregently deposit in vegetated areas of the wetland.

In some watersheds, one or several contaminants may be associated with sediments coming
into the wetland. Since most contaminants are tightly bound to fine sediment particles they will
be found in areas of sediment deposition. If contaminants are likely to exist in significant
concentrations, their impact upon the ecosystem and the likelihood of future remediation
requirements should be carefully considered in wetland planning and design.

Outflow

Ouitflow structures may be of prime importance especially where thereislittle or no inflow
control. Outflow structures are of two basic types. Oneiswhere water flows over a control that
isat afixed or variable elevation. Drop pipes, flashboards, and spillways are examples of this
type of structure. The other iswhere flow passes through a bottom or midlevel outlet such asa
culvert or permeable material such as riprap (Swanson, Franzen, and Manning 1987). The
“hard” engineering design and structure (or structure combination) selection should be based on
the site requirements for water level fluctuation and flow. If the requirements are for minimum
water level fluctuations but with large variationsin flow then an overflow structure with along
crest length may be required. If, instead, floodwaters are to be stored, then large fluctuationsin
the pool depth must be included in the design of the outlet structure(s) and the dike system. A
design event should be selected around which the outlet structure(s) is designed. A failure point
and mechanism should be designed into the system to minimize damage for events that exceed
the design event. The failure point should be located where it can easily be repaired. For
structures where the water flows over a control, the design concerns will be how long to make
the control, how high will the water get over the control, and what value to use for the discharge
coefficient for the control. The materials used for the control are typically wooden boards, metal
culvert pipe, plastic pipe, riprap, concrete, or reinforced vegetation. All of these types of
materials and structures are subject to having the discharge coefficient vary due to debris
accumulation, changing vegetation densities, or material degradation. Accordingly, the design
process should look at both the new and the aged conditions. Bottom or midlevel releases are
typically accomplished with culverts that may be gated to control the outflow or by gated
structures such as sluice gatesin adam. Uncontrolled culverts may be designed such that the
higher flows are controlled by either the entrance or the outlet of the culvert. Again, debris or
other blockages may affect the actual flow through such structures. There have been hybrid
structures where a flashboard located in the center of a dike was used to control the water level
with the water getting to the flashboard through a culvert.

Operations and maintenance must be included in the design process. Thereislittle rationale
for designing an outlet structure that requires frequent operationsif the personnel and financial
resources are not available. Wetland sites should be designed to be relatively operation- and
maintenance-free. Materials used for the outlet structure should match the site conditions. Acidic
water may cause a corrosion problem for metal or concrete structures. The addition of fly ash in
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the concrete mixture may lengthen the life of concrete structuresin such an environment. Pipe
abrasion by coarse sediments, particularly for plastics (National Academy of Sciences 1978), can
be a problem and should be considered in material selection. If the outlet structure is designed
and constructed for a specific design life, the design should include plans to replace the structure
as needed.

Life safety should always be considered when selecting an outlet structure. Many wetland
areas will be used for authorized or unauthorized recreation. Attempts to exclude unauthorized
access to wetland sites are usually doomed and should not be the primary safety feature of a
design. Strong roller action at outlets and unobstructed culvert openings should be avoided.

Basic Design Methods

Basic design of outlet structures includes selecting overflow or subsurface structures, selecting
adesign event for hydraulic design, and selecting appropriate materials for the outlet structure.

Overflow Structure Design

The portion of an overflow outlet structure over which the water passes is referred to as aweir.
For most circumstances, as long as the water downstream of the weir is below the crest of the
weir then free overflow will occur at the weir. For free overflow conditions the following
equation can be used to design aweir for specific conditions.

Q = CLh'S (5-2)

where:

Q =flow rate, m®/sec

C = discharge coefficient, m**/sec

L =the effective horizontal length of the weir in feet, m
h = the height of the energy line above the weir in feet, m

The water velocity in wetlands, asin most impoundments, will be sufficiently slow so the
water surface can be used as an approximation of the energy line approaching the weir (h). The
water surface elevation (about five times the depth of flow over the weir) should be used as the
elevation of hydraulic grade line (HGL) at the weir because of potential flow acceleration effects
at the weir. If the approach velocity to the weir is greater than 0.5 m/sec, the vel ocity head
should be added to the water surface to determine the elevation of the energy grade line (EGL) at
the weir. The velocity head is defined as

V2
velocity head = — (5-3)
29
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where;

V = horizontal velocity of flow, m/sec
g = gravitational acceleration, m/sec?

The effective length of a straight or semistraight weir is the actual length minus the effects of
end contractions and the width of any piers or other obstructions aong the length of the weir and
associated end contractions. The weir length should be modified as follows to determine the
effective weir length (Chow 1959):

W/ =W - AW (5-4)

where:

W, = actua weir length, m
W, ' = actual weir length, m
AW, = changein weir length (note that all changes shorten the weir length), m, cal culated

as.

AW, = 0.05h for each end contraction
AW, = 0.1h+ W4 uction for blunt obstructions

AW, = 0.05h + W, ction for streamlined obstructions

and
W oarucion = Width of weir obstruction at widest point, m.

The discharge coefficient (C) depends on the efficiency of the weir in question and varies the
water depth flowing over the weir and the water depth just in front of the weir. For sharp-crested
or nearly sharp-crested weirs with free overflow, the value of C is approximately 1.83 m®%/sec
(Streeter 1971). For smooth broad-crested weirs such as wide spillways, C is approximately 1.7
(Streeter 1971).

If the weir is submerged from the downstream side, it acts as an orifice and the discharge
coefficient C changes based on the amount of submergence. Complex design charts for orifice
outlets can be found in Chow (1959). Submerged conditions should be avoided if the upstream
water level isto be controlled by the weir.

Drop inlets such asriser pipes can be treated as weirs with the circumference of the inlet
being the weir length. This concept works up to the point that the overflowing water creates a
submergence effect. This effect generally starts when the water depth above the weir crest
equals 45 percent of the radius of the riser pipe (USACE 1989).
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Submerged Flow Structure Design

Submerged outlet structures have several methods for design depending on the type and
complexity of the outlet structure. Uncontrolled culverts are one of the more popular outlet
structures used. The Federal Highway Administration has developed design methods for most
culvert conditions based on extensive laboratory and field investigations (USFHWA 1984).
Gates or other controls may be added to culvertsto allow variable control of subsurface releases.
Restrictions, if used, should be placed on the upstream end of culverts to prevent clogging of the
culvert by sediment or debris. Design information for large outlet structure gates may be found
in EM 1110-2-1602 (USACE 1963) or hydraulic engineering handbooks such as Chow (1959).
For smaller controls such as gate valves trial setting may be required to achieve the desired flow
control although King and Brater (1963) has information that may be useful. Porous structures
may be used that pass flow from all or afixed portion of the water column. Rock is probably the
most common material for this type of structure but any porous medium or construction would
fall into this category. Flow conveyance is difficult to determine for these structures due to
unknowns in pore sizes and flow paths. The potential for clogging should be investigated prior
to using this type of structure. Where water flowsinto and out of a wetland through the same
structure, porous structures can be used to attenuate the water surface fluctuations. Groundwater
flow analysis methods would be helpful in designing such structures.

Design Event

Hydraulic structures are designed to routinely pass flow up to some design event that is
usually based on a statistical probability of occurrence. The statistical event varies based on the
type of structure being built, the damage costs that would result due to structural failure, and the
risk to life due to failure. Many Soil Conservation Service projects are based on an event that
has a statistical probability of occurring once every two years. Flows that exceed this event may
cause flooding. Most US Army Corps of Engineers projects are designed for probabilities of
once every 100 years or greater. Thisimplies that the design conditions will be exceeded less
often. Design event determination for awetland site should be based on cost effectiveness and
the cost of failure. Once the design event has been determined and the hydraulic structures
designed, afailure point and mechanism should be determined and included in the project.
Failure points should be located where reconstruction can easily occur, keeping in mind the
available access for equipment and the cost of reconstruction. The mechanism could be alower
reach of adike or an overflow spillway that would wash out without endangering the remainder
of the dike system or other structures. An option to afailure point could be to construct overflow
structures to allow greater than design flows to pass through the project without causing failure
of the structures. The overflow structures should be designed to handle flows up to some
statistically probable event, keeping cost effectivenessin mind.

Materials

Dueto cost considerations, most wetland outlet structures will be constructed with standard
materials such as steel, cast iron, concrete, plastics, and wood. In determining which materialsto
use considerations should include the desired life span of the project, the potential for
mechanical degradation, and the potential for chemical degradation. These considerations may
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also dictate the type of outlet structure. Steel and concrete are subject to abrasion and acid
attack. Plastics and aluminum may be more resistant to acid attack but are less resistant to
abrasion. Asphalt or other coatings will usually increase the life of steel products. Stainless
steel is more resistant to attack but is expensive. Wood may last depending on the type of wood
and its exposure to wet/dry cycles. Natural materials such as rock can be degraded through
freezelthaw cycles. Life cycle costs should be evaluated when selecting construction materials
realizing the potential replacement costs and cycles for replacement of outlet structures.

Structure Selection

Existing hydraulic structures are extremely varied due primarily to the need to satisfy highly
varied design constraints. The final choice for the design is limited only by the imagination of
the designer using the constraints mentioned above. However, several basic structures are
normally used.

An adjustable weir constructed with removable flashboards is very common. Historically
these structures have been constructed with metal or wood frames and wood flashboards.
Recently all-plastic structures have been used (Watkins 1992). These structures are usually sized
such that one person can handle the flashboards to make adjustments to the water level in the
wetland site. If longer weir lengths are needed then severa individual weirs can be included in
the design. Spillways or overflow sections of dikes are often used with the spillway surface
constructed of an erosion-resistant material such as concrete or rock. Vegetation can be used for
spillway surfaces based on the amount and duration of flow. Drop inlets constructed with
corrugated metal pipe are often used for ponded wetlands. Trash or debris protection should be
included in the design of these structures to prevent clogging. Occasionally horizontal pipes will
be placed at the desired water surface elevation to pass flow directly through a dike.

Simple corrugated metal. concrete, or plastic pipe culverts are the most common subsurface
outlet structures. Large wetlands that may pass large flows sometimes have large outlet
structures similar to those found at dams. Porous structures are not common but may be useful in
tidal areas or along streams subject to frequent flooding.
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5-4 Shoreline Protection and
Erosion Control?

Introduction

Shorelines and structures associated with created and restored wetlands are often exposed to
the erosive forces of nature. Wetlands invite the use of bioengineering for erosion protection, and
there is a greater emphasis on project aesthetics than in other types of erosion control projects.
Bioengineering alone cannot provide adequate protection for some wetlands and must be
combined with other forms of erosion protection. A design goal for awetland protection project
should be to use the minimum amount of structural protection necessary. Innovation is often the
key to an appealing and successful project.

This chapter presents considerations for project planning and lists protection alternatives that
might be considered for shoreline protection and erosion control. The text provides a checklist
for things that need to be determined when planning wetland protection. The chapter does not
replace more detailed erosion protection engineering manuals, many of which are referenced
here. Neither doesit replace the use of qualified consultants, especially ones familiar with the
type of erosion problem of concern, or the particular area where the problem is occurring. Many
factors such as public safety, economics, aesthetics, demographics, governing agencies, climate,
strength of the erosion forces, and geology play an important role in determining the final
protection aternative selected and designed. The blending of these factors requires judgment
which can only be obtained from training and experience.

A good understanding of what needs to be considered for an erosion protection project,
reflection on what successful techniques have been used in the past, and the experiences that can
be borrowed from others are much more useful, beneficial, and efficient than any handbook.

Steps to Develop Protection for Wetland Erosion

The development of shoreline protection and erosion control measures requires several steps.
These steps are:

1 By Jack E. Davis, Steven T. Maynord, John McCormick, and Trudy J. Olin
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a. Understand the system and determine the mechanisms of erosion

b. Consider general design requirements

c. Develop alist of alternatives to protect against the cause of the erosion problem
d. Design the protection

e. Estimate the costs of the project

f. Construct, inspect, monitor, and maintain the project

In many cases there is significant overlap or iteration between these steps. The steps are
discussed further below.

Understanding the System and
Determining the Mechanisms of Erosion

Determining the mechanism that is leading to erosion of awetland is the most important step
in the design process and may also be the most difficult or uncertain. Thisistrue particularly at
sites where wetlands are being created and no historical perspective isavailable. An expert is
often needed to predict or identify erosion mechanisms.

In selecting sites for creating riverine wetlands or in protection of existing riverine wetlands,
one must be cautious about locations that are experiencing instability over long reaches of the
system. For example, in streams where equilibrium has been disrupted by changes in the basin
such as altered water levels at the downstream end, altered flowrate, or altered sediment inflow.
System instability is often indicated when the channel bed elevation is degrading which can be
observed by the presence of scarps or headcuts moving upstream through the system. Similar
system instabilities may be associated with tidal wetlands where instabilitiesin the wetland are
part of amuch larger regional instability. When system instability is present, a comprehensive
treatment plan is required and expert consultants should be retained. Solutions to system
instabilities are outside the scope of this handbook.

Local instability is erosion that is occurring in a system that is otherwise in equilibrium.
Local instability includes bank erosion that is part of the natural erosion process (caused by
stream migration or waves) occurring at isolated locations such as open-water headlands, river
bends and constrictions, and reaches around structures. This handbook addresses local
instability.

Causes Versus Mechanisms

A differentiation between erosion causes and mechanisms must be made. Causes are the
action or eventsthat create forces on the wetland experiencing erosion. Mechanisms are the
processes through which the bank fails. For example, arecreational boat causes waves that strike
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the bank and lead to failure through the mechanisms of tractive force and turbulence removal.
The cause of erosion was boat wakes while the mechanism for erosion was tractive forces and
turbulent removal of sediments. Hydropower operations cause water level changes that can lead
to failure through the mechanism of piping. The distinction between causes and mechanisms for
erosion isimportant because protection methods are generally designed to address mechanisms
and not causes. The following presents alist of causes of local instability that occur in tidal and
riverine environments.

a. Wind Waves are often the dominant cause of local instability in tidal wetlands and along
fringe wetlands in lakes. The zone of attack from wind wavesis near the waterline but
fluctuating water levels expand the zone of attack over larger portions of the bank.
Waves can undercut banks leading to mass failure. The failed material piled at the toe of
bank is washed away by the waves and the undercutting cycle starts over.

b. Boat Waves, like wind waves, can cause instability along wetland shorelines. Boat
waves differ from wind wavesin their size, frequency and duration but are otherwise
similar with respect to their zone of attack and erosion mechanisms.

c. Boat-Induced Currents can cause instability in wetlands especially where large
commercial vesselstravel in narrow, confined waterways or where large, commercial
vesselstravel near banklinesin larger waterways. Boat-induced currents occur from the
propeller jet and from the displacement effects of large vesselstraveling in relatively
confined waterways. The zone of attack can be both the bottom and sides of waterways.
The erosion mechanism is the tractive force removal of bottom and bank material
resulting from boat-induced currents.

d. Channel-Meander isamajor cause of instability in riverine wetlands and is caused by
current induced forces. The zone of attack is on the downstream portion of bendways and
erosion is most severe at intermediate to high stages. Tractive force removal of material
at the toe of the bank is the failure mechanism. The bank is undermined and fails due to
loss of the geotechnical strength. The failed material is easily removed by the flow and
the erosion cycle continues.

e. Channel Braiding isacause of instability on streams having an overload of sediment or
steep slopes where bars and islands can form producing a wide shallow channel. The
bars and islands may function as wetlands. Erosion of banks, islands, and barsin braided
channels occurs as aresult of flow being diverted against the bank by the bars and
islands. Zone of attack is highly variable and can occur at any position aong the length
of the channel. The mechanism leading to bank and island erosion is tractive force
movement of the bank material.

f. lceand Debris can reduce flow area and concentrate or deflect flow against otherwise
stable banklines. The concentrated flow causes bank erosion through the mechanism of
tractive force removal of bank material. The impact of ice and debris can gouge
banklines, damage vegetation, and damage improperly designed protective measures.
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g. Water Level Fluctuation isacause of instability in riverine, depressional, and tidal
wetlands and along reservoir shorelines. If water levels do not fluctuate, a distressed
bank often erodes until it achieves a stable condition. As a distressed bank approaches a
stable condition, a change in water level will disturb that condition. Water level
fluctuations allow waves and currents to attack a bank at ever-changing elevations.
Causes of water level fluctuations include naturally varying and controlled stream
discharges, naturally varying and controlled lake levels, astronomical tides, seiches,
wave setup, climatological effects, and navigation. A rapid drawdown in water level
leaves banks in an unstable condition because the counterbalancing force of the water
has been removed from the saturated bank and positive pore water pressures decrease the
geotechnical strength of the bank. On steep banks, thisimbalance in forces can cause a
mass failure of the bank. On banks containing layers of different materias, rapid
drawdown causes saturated banks to drain through the porous layersin the bank. Water
movement through these porous layers may remove the porous material, leading to
collapse of the bank. This failure mechanismisreferred to as piping or sapping and is
aso found in riverine environments not having rapid drawdown but having saturated
overbanks from ponds or poor drainage.

h. Flow Constrictions at bridge crossings, training structures, and floodplain
encroachments cause local instability and result from the increased tractive force being
able to erode otherwise stable banks.

Other causes of instability include rain splash, freeze-thaw, overbank drainage, and human
activity. Overbank drainage and rain splash tend to be small-scale local instabilities but should be
considered in designing protection methods. Freeze-thaw decreases bank soil strength which
increases the potential for tractive force removal of the bank material.

General Design Requirements

After determining the causes and mechanisms of erosion, several general design
considerations must be evaluated. Asin the determination of cause, many of these considerations
require someone experienced in their evaluation. Use the following considerations as a checklist
to insure that important design factors are not overlooked.

Design Considerations

Geomor phology. Geomorphic evaluations involve determining the beginning point, ending
point, and alignment of the protection. The protection may only need to extend along a limited
reach of the threatened wetland. In other cases, the protection may have to be extended beyond
the limits of the threatened wetland to insure adequate protection over the design life of the
project. For example, in the riverine environment, a prediction must be made of the anticipated
channel migration. In atypical meandering stream, migration of bendwaysis predominately in
the down valley direction. Because of down valley movement, extending the protection far
enough downstream is more important than the upstream limit.
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For habitat and aesthetic reasons, less emphasisis given to a smooth alignment for wetland
protection projects when compared to nonwetland protection projects. Accepting the existing
alignment is almost always the case in existing wetlands. Created wetland boundaries are
aligned for reasons of project function and economy. For example, a circular island shape was
chosen for a proposed island wetland restoration project in the Chesapeake Bay to minimize the
required length of shoreline protection for a maximum wetland area.

Ecological and Physical Barriers. Shoreline protection or erosion control aternatives
should be designed so they do not inhibit the movement of organismsin or out of the wetland.
For example, steep banks with crevices (e.g. riprap, block revetment) provide feeding areas for
fish, but may trap small crustaceans and young animals. The selected alternative should not
adversely restrict water flow in and out of the wetland. If the flow to the wetland isrestricted, the
change should not adversely affect water temperatures, dissolved oxygen concentration, and
other concentrations of other chemical constituents. If the export of nutrients from the wetland is
important, the alternative should not limit that transport.

Aesthetics. In awetland environment, preservation of a natural appearance isimportant
from both human and wildlife perspectives. Development and preservation of habitat and habitat
diversity should be high priorities. Diversity of aguatic habitat is the result of diverse water
depths and current velocities. Bank protection methods such as the indirect methods of dikes and
groins promote diversity of aquatic habitat whereas relatively smooth revetments tend to reduce
diversity. Rock structures and other bank protection methods provide stable substrate for
macroinvertebrates. Theimpact of protection methods on aesthetics depends on the degree to
which the protection measures are visually compatible with their surroundings. (Henderson
1986)

Hydraulic Setting. Quantifying the hydraulic setting is often required to determine the
causes and mechanisms of bank erosion. Factorsincluded in quantifying the hydraulic setting
are outlined below.

Design Event. Identifying the design event is needed to select a protection method. The
design event is the selection of event for which the erosion protection is designed. For
example, erosion protection would be designed to allow acertain level of damage (or none at
al) for aparticular flood or storm event. The event is usually associated with areturn
interval, e.g. aflood with an expected occurrence of at least oncein ten years, or oncein 25
years. The conditions under which the protection should function needs to be identified to
ensure an appropriate level of protection is designed.

While some of the protection alternatives presented here can be designed based on a
selected design event, many lack the design guidance for such a design, mainly because they
have not been extensively used or evaluated in the field. For these protection alternatives,
demonstrated performance of the alternative under comparable conditions at a different site
isthe best guide.

When the major cause of erosion iswind waves or current forces, delineation of a
design event is easier to determine than designs for causes like boat wave attack or debris
damage. For the causes such as boat-induced erosion or debris damage, it is not possible to
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determine areturn interval for various event levels. Usually aless rigorous method is used,
such as assuming a maximum wave height for the case of boat waves.

Water Level Fluctuations. Evaluation of water level fluctuation is needed to address
potential geotechnical failures such as massfailure and piping. In the case of massfailure
due to water level fluctuations, bank grading to a stable slope and protection of the slope
against undermining is usually warranted. Piping-related failures are often addressed by
grading to a stable bank angle, improving overbank drainage, and placing extensive filters on
the regraded bank.

Wind Waves. Guidance for the estimation of wind-waves at a project can be found in the
Corps of Engineers Shore Protection Manual (SPM 1984). Another useful Corps of
Engineers' tool for coastal engineering projectsis the Automated Coastal Engineering
System (Leenknecht et al, 1990). The system contains several programs useful for coastal
engineering studies, including the estimation of wind waves.

The calculation of wind waves for a project requires information about wind speeds and
directions, wind fetch, and water depth. In general, stronger winds, longer fetches and
deeper water cause larger waves, and the wave direction is directly related to wind direction,
aswell asthe influence of the water bottom. Values for these variables must be determined
before wind waves can be predicted.

Local wind data should be reviewed to determine common or extreme wind events. A
useful method is to categorize winds according to the number of occurrences for different
combinations of wind speed and direction. Table 5-6 gives an example of such
categorization of wind information. The wind speed and direction for which you want to
estimate wind waves at the project site can be readily selected from the table.

Several corrections to measured wind data are usually required before they can be used for
calculating waves. The corrections account for the elevation at which the wind was measured,
whether it was measured over land, water or from a ship, and the temperature difference between
the water and the air. Further, the wave estimation methods in the SPM require that wind speed
values be converted to wind stress values. All of the corrections and conversions identified are
outlined in the SPM.

Table 5-6

Percent Occurrence of Wind Speeds and Direction

MPH North NE East SE South SW West NW
0-10
10-15
15-20
20-25
>25
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To determine the general wave environment for the site, the corrections may often be
neglected. However, the corrections should be considered if the wave calculations will be used
inafina design. The equations presented below can be used for a quick assessment of wave
conditions.

Calculating wave height and period by the SPM method requires that wind speeds be
converted to wind stress. This can be done using the equation

U, = 0.71U%% (5-5)

where:

U, = wind stress, m/sec
U = wind speed, m/sec

Assuming fetch-limited conditions, the wave height can be approximated as

1
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where:

H = wave height, m

d = water depth, m

F = wind fetch, m

g = gravitational constant, m/sec?

The wave period can be approximated as
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where:
T = wave period, sec

The wind fetch is the extent of water over which the wind blows before reaching the
shoreline of interest. On smaller bodies of water waves are usually fetch-limited, meaning the
length of the fetch limits the size to which the waves will grow. But, on larger bodies of water
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other conditions may apply. Waves may reach afully developed condition for a given wind
reaching their maximum size before reaching the end of the fetch. Another conditionisa
duration-limited condition where the wind does not blow long enough for waves to grow aslarge
asthey could for the given fetch. Also, when the width of the fetch has an effect on wave growth,
the condition is called arestricted fetch condition. A restricted fetch condition can be identified
by drawing radial lines out from the point of interest to the nearest obstruction along the radial
line (for example, a shoreline across the lake). If the lengths of the radial fetches are significantly
different from one another, the fetch may be restricted. A phenomenon of wave-growth over a
restricted fetch is that the largest waves are often generated along afetch that is not in line with
the winds but rather in line with one of the longer fetch lengths. See Smith (1990) for a good
description of the phenomenon and cal culation techniques for predicting waves.

Generadly, deeper water yields larger waves. For a given wind speed, direction, and fetch
length, the wind waves generated on a deep lake will be larger than the waves generated in a
shallow coastal estuary. However, waves will not be any larger once the depth exceeds a
limiting depth no matter how deep the water is. Water depth also influences the form of waves
to the point where they break on shore. Aswaves shoal (propagate into shallow water), their
speed slows. Shoaling increases the steepness of the wave's profile, increasing the wave's height.
When waves become too steep, they break. A simpleruleisthat the wave height will not exceed
the water depth. That is, awave with aheight of 1 m would begin to break in awater depth of
about 1 m.

Currents and Water Level Computation

Currents and water level computation in the riverine environment is beyond the scope of this
handbook but an overview of the general concepts will be presented. The first step requires
determination of a design discharge which comes from either computation of runoff from rainfall
records and basin parameters or analysis of discharge gauging station records, if available.
Gauging station data also provide information on the characteristics of the hydrograph (variation
of discharge and stage with time) and the rate of rise and fall of the stream. Next, water surface
profiles are computed using a design discharge in models such as HEC-2 (HEC 1990). Water
surface profile computations on mgjor rivers and streams are often computed by the US Army
Corps of Engineers and the Soil Conservation Service. Local or District offices should be
contacted for available information. The water surface profile computations provide the needed
guantities of depth and average channel velocity for use in design of riverine protection. The
design portion of this chapter will show how average channel velocity and depth are used to
design the protection.

Vessel Effects are primarily afunction of vessel speed, vessel shape and displacement,
distance from vessel, and water depth. Regarding vessel shape and displacement, the two broad
categories are commercial vessels, which are relatively slow but have large displacement, and
recreational vessels, which are relatively fast but have small displacements. Commercial vessels
rarely move fast enough to produce significant waves but they do produce substantial rapid
drawdown when operating in confined channels. Methods for prediction of drawdown
magnitude as well as other navigation effects can be found in PIANC (1987). Waves from
recreational vessels decay rapidly with distance from the vessel and methods for their prediction
can be found in Bhowmik et a. (1992). Bhowmik et a. (1992) measured wave heights on the
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upper Mississippi River for uncontrolled runs during a busy holiday weekend and during
controlled runs of various size recreational vessels and found a maximum wave height of 0.6 m.

Top Elevation of Protection. Wetlands, particularly in atidal environment, have relatively
low top bank elevation and protection often extends over the entire bank. In theriverine
environment, many successful projects have been built with the top elevation of the structural
protection well below the top-of-bank or design water surface. Bioengineering techniques are
often used to protect the upper bank. Factors affecting the required top of structural protection in
the riverine environment are stage duration, erodability of upper bank soil/vegetation, variation
of hydraulic forces on the upper bank, bank slope, method of protection, and consequence of
failure. USACE (1994b) provides a method for estimating the variation of hydraulic forces on
the bank in the riverine environment.

Toeand Flank Protection. One of the most overlooked aspectsin abank protection project
is consideration of the toe and ends of the design. Successful protection in both the tidal/coastal
and riverine environments requires an evaluation of the potential for scour at the toe and ends. In
the river, toe scour and the fact that many species of vegetation cannot withstand long term
inundation are the primary reasons that bioengineering by itself will not provide stable bank
protection. Some form of structural protection is often required at the toe of the river bank and
must be able to withstand the changing bed elevation found in aluvia channels. Inthe wave
environment, waves striking a hardened bank concentrate energy at the toe of slope that can
result in scour and undermining of the protection. Procedures for estimating toe scour in the
riverine environment are given in USACE (1994b) and in the wave environment in SPM (1984).

Once the scour has been estimated, there are two methods for providing scour protection.
Thefirst isto extend the protection down to the maximum estimated scour depth. Thisis often
the preferred method in dry construction but becomes difficult and expensive when excavation is
done underwater. The second approach isto place aflexible materia that will adjust to the
channel scour. This approach lets the stream do the excavation. Riprap isthe most common
material to usein flexible or “self-launching” aprons. Gabions and articulated concrete
mattresses are a'so means of providing aflexible toe structure. Guidance for self-launching
riprap and scour depth estimation in the riverine environment is given in USACE (1994b). Inthe
wave environment, guidance for self-launching riprap is given in SPM (1984). Scour protection
using gabions or articulated concrete mattresses should provide an apron length twice the
anticipated depth of scour.

When considering the ends of the protection, it is desirable to terminate the protection in
areas where the erosion forces are reduced. Unfortunately this is frequently not possible and the
ends of the protection must be designed to not fail when the adjacent unprotected areas
experience erosion. When using armor protection like riprap, increased layer thickness at the
ends will allow the protection to adjust to minor adjacent erosion.

Geotechnical Setting Geotechnical design considerations include slope stability, filters, and
subsurface drainage. Slope stability deals primarily with the stable bank angle whichisa
function of height, bank material, stratigraphy, stage fluctuation, groundwater conditions, and
overbank loading. The purpose of filters and subsurface drainage is to control the movement of
water and bank material beneath and through the protection. The indirect and sacrificial methods
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presented later in this chapter generally do not require a geotechnical analysis of the bank being
protected.

Surface Drainage. Surface drainage rarely causes failure of a protection alternative, but
may cause maintenance problems, destroy vegetation, and damage the aesthetics of asite. The
basic steps in preventing erosion from surface drainage are to (1) protect all bare ground unless
slopes are flat and wavewash and runoff are moderate, (2) collect overland flow and wavewash,
and (3) provide outlets to the river or open water body.

Filter Layersand Fabrics. Many protection alternatives require afilter layer between the
protection-sediment interface. Thefilter layer's purpose is to prevent the filtering of sediments
through the protection which would ultimately undermine or destabilize the protection. The
filter layer can also distribute the weight of protection more evenly over the substrate. Filter
layers are comprised of well graded gravel and stone. In many instances, afilter layer may be
replaced by an acceptable filter fabric, the pores of which are specified based on the
characteristics of the sediments. Additional information on filtersis provided in Section 4.

Safety Factor. The consequences of failure must be considered. Only limited information
isavailable for the design of many bank protection alternatives. Without well founded design
information, determining a factor of safety is difficult and usually a conservative designis
selected to compensate for uncertainties, or the design is based on convenience of construction,
of materials, or some other feature. If the designer has experience with a particular protection
alternative or the wetland region in question, then afactor of safety based on experience may be
built into the design.

If the construction environment is difficult, or materials lack consistent quality, then asa
factor of safety the design should account for the prospect of sections of below-average
construction or low-quality materials. Safety factors can be reduced somewhat if inspection and
maintenance are scheduled up front. That is, after a certain operating time if the project is
showing signs of failure, remedial action could be taken to correct the problem.

Locally Available Materials. The cost of any project can be reduced if inexpensive locally
available materials are used. A project design should always consider the advantages of using
local materials in some element of the design.

Vandalism. Anticipate vandalism especialy in areas where the public has access. Either
employ hard-to-damage materials and designs or anticipate periodic maintenance. Consider
using a protection scheme that will still work even if some portions of it are damaged. For
example, some geotextiles tubes may be punctured by vandals allowing the contents to flow out.
The decorative blocks of some concrete block revetments may be stolen. Removing the blocks
compromises the system. Having an articulated concrete mattresses makes the blocks much
harder to remove.

Educating the Public. Educating the public to the purpose of the project and making them
feel apart of the project may help to reduce the frequency of vandalism and damage by people
inadvertently working or recreating in the area.

Chapter 5-4 Shoreline Protection and Erosion Control Page 5-41



Wetlands Engineering Handbook March 2000

Fate of Materials. Consider the possible fate of materials used in the bank protection
design should the project fail or exceed its design life. Many geotextiles, tires, synthetic
materials, metals, and treated woods do not degrade rapidly and may remain as an unappealing
result of the project or pose a danger to humans and the environment.

Effect of Alternative on Local Waves and Currents. Theimpact of bank stabilization on
areas adjacent to the protection must be considered in the design. In anaturally eroding stream
system, bends migrate down valley. By stabilizing one portion of this system, the natural down
valley movement isinterrupted. The stabilized section causes the point of attack in the next
downstream section to be fixed rather than transient. Depending on bank erodability and other
factors, this constant point of attack can alter downstream erosion patterns and rates. Bank
protection that significantly reduces channel area or deflects currents can increase downstream or
opposite bank erosion.

Bank protection alternatives may influence the wave field near the protection. Waves refract
and diffract near bathymetric variations and structures. For example, refraction will cause wave
crests to bend around a mound of material on the bottom. The wave crest may bend so much that
it collides with itself on the backside of the mound. The colliding wave crests can damage
shorelines or protection works where otherwise the wave would have had no effect. Waves that
pass by the end of a structure, such as a breakwater, will diffract into the region behind the
breakwater and may cause unexpected damage.

Wave refraction and diffraction are complicated processes and questions about them should
be referred to an expert.

Access. The selected bank protection should not adversely affect organisms requiring access
to the wetland. For example, ariprap revetment may present a barrier to small or immature
animals that must get from the wetland to open water. The voids between the revetment stones
could act as atrap into which an animal may become trapped.

If the public has access to the site, the protection must not present a danger to them or their
property.

Access a so affects the selection of the protection method. In many wetland creation and
restoration projects, land access for construction is not feasible for avariety of reasons. In many
of these same projects, water access by large construction equipment is limited by shallow
depths. Where larger construction equipment does not have access to the site, more labor-
intensive alternatives may be required.

Animal Activity. Animal activity in and adjacent to protection methods can undo otherwise
stable systems. Certain coastal crab species burrow passageways into exposed banks. These
passageways, especially in conjunction with rapid drawdown from tows in confined waterways,
can lead to a piping-type failure of the bank. Conversely, certain types of bank protection
structures may create an ecological problem by preventing the use of the bank by such burrowing
animals.
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Another type of animal activity that has repeatedly caused problems is the consumption and
destruction of vegetation protection systems by various animal species. Whenever vegetation is
used in a protection plan, damage to the plants by animals and techniques to prevent it should be
considered in the plans.

Water Chemistry. Intidal wetland environments, the tolerance of protection materials to
seawater must be considered. Metalswill corrode. Timber will rot. Certain species of vegetation
will not tolerate certain levels of salinity (high or low).

Construction and Ease of Repair. Conditions can dictate the type of alternative selected
because of limitations on the type of equipment that may be used. Conversely, costs must be
increased to overcome poor construction conditions. If construction is expensive or difficult,
then repairs or modifications will probably be costly as well. In any case, the ease of repair of the
selected protection for the project of interest should be considered when designing the project
and predicting future maintenance costs.

Navigation Hazard. If the public has access to the site by water, possible hazards to
navigation from partially or fully submerged structures both offshore and on the bank must be
considered.

Erosion Protection Alternatives

After determining the causes and mechanisms for bank erosion and quantifying the
environmental setting of the wetland to be protected, alist of applicable protection methods can
be developed. A combination of methods is often necessary to provide a desirable level of
erosion protection. Table 5-7 presents common erosion control structures and their design
requirements. The advantages and disadvantages of these alternatives are discussed below.

No Action

This alternative is selected when the environmental setting is mild enough not to require
protection. However, natural systems are sometimes self-stabilizing. That is, they will erode
until they form amore stable bank. It is possible, at times, to et an erosion problem continue if
it appearsthat it will stabilize with time and that the wetland will not suffer unrecoverable losses.

Experience and familiarity with the location isimportant in the somewhat subjective decision
whether to take no action or apply protection.

Vegetation and Natural Materials

In low energy environments, well maintained vegetation and other natural covers often
provide adequate erosion protection. Advantages and disadvantages of this alternative are
summarized below.
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Table 5-7

Erosion Control Structures and Design Considerations

Structure Materials Design Considerations
Riprap/ Stone, Riprap sized to resist stream velocities, wave impact and wash. Multiple layers may
Revetments | cinder be required. Bank must be properly sloped.
blocks,
sand- Good erosion resistance. Toe scour problematic when water depth is less than
cement maximum wave height. Filter material behind revetment needed to prevent fine
bags materials from being washed out from under revetment.
Stone revetments - applicable to wide range of wave conditions with varying stone
size.
Cinder blocks, sand-cement bags limited to smaller breaking waves
Riprap useful for all size projects and sites requiring immediate intervention
Low to high cost: materials typically low cost if readily available in area, placement
costs can be high, depending upon conditions and material requirements for hand
placement and transportation.
Reference Eckert, Giles and Smith 1978, Baker 1980, McCartney 1976, Binns
1986.
Windrow Stone A riverbank stabilization method utilized for high vertical banks. A trench is
Revetment cobbles or excavated parallel to river and filled with stone. The stone is covered with soil and
graded the area reseeded. Over time, the bank may evolve to a steeply sloping
fieldstone configuration which will support vegetation.
Aesthetically acceptable, natural looking stabilization method. Minimal disturbance
to natural bank.
Limited to relatively non-cohesive banks.
Reference: USACE District Omaha 1980.
Tree Green, A streambank stabilization technique, trees are laid parallel to bank, overlapping 1/3
Revetments | felled trees to 1/2 in shingle fashion. Trees are cabled to deadmen buried in the bank. Rock is
placed along the bank with the trees.
Certain species are more appropriate than others, having more branches and being
less susceptible to attack by beavers (this will be somewhat site specific). Conifers
and junipers work well.
Recommended for small to intermediate streams free of ice.
This revetment type provides excellent fish habitat.
Reference: Binns 1986.
Gabions Galvanized Maximum height approximately 10 feet with multiple thicknesses or counterforting
wire baskets | (Eckert, Giles and Smith 1978)
filled with
4- to Susceptible to toe scour when placed on erodible substrate. Flexible gabion apron
10-inch- required.
diameter
rock and Moderate to high cost structure
stacked and
wired Reference: Eckert, Giles and Smith 1978, USACE 1977
together
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Table 5-7 (continued)
Erosion Control Structures and Design Considerations
Structure Materials Design Considerations
Articulated Interconnected Used along steep riverbanks with moderate to high water velocities
Concrete concrete blocks
Mats Reference: Way, Miller, Bingham and Payne 1992.
Geotextile Woven/ Utilized for underwater stability berms, breakwaters, sills, groins, breach and
Containers nonwoven gully repair and scour protection.
permeable
synthetic Bags filled with granular material or, if lined, with fine material through which
fabric/with or vegetation may propagate
without
impermeable Reference: Fowler and Sprague 1993
liner
Groins Rock, geotextile | A structure placed perpendicular to the shore to influence current direction and
bags, gabions, enhance sediment accretion
piles and netting
Reference: Binns 1986, Abam 1993.
Floating and Tires Floating breakwaters can provide some wave attenuation, principally in low
Fixed Tire wave climates with short wavelengths. Floating tire breakwaters have been
Breakwater demonstrated to reduce wave energies by up to 80 percent. Materials to be
protected must be somewhat scour tolerant: material retention is not a function
of the floating breakwater.
Floating breakwaters should be placed in water depths sufficient to float them
at mean low water.
Fixed tire breakwaters are threaded onto treated poles. Other materials could
possibly be utilized for greater durability.
Some turbulence and backwash will occur behind the breakwater
Portable.
Low cost materials. Assemblage and anchorage may be high cost.
Reference: Eckert, Giles and Smith 1978, Knutson, Allen and Webb 1990,
Markle and Cialone 1986.
Wood Timbers A permeable structure, provides wave resistance by embedment in bottom.
Breakwater No deadmen or tiebacks required.
Breakwater top located about 6 inches above normal high water level and
slightly above elevation of marsh root mat
Locate 20 to 50 feet offshore, about 10 feet seaward of lower vegetation limit,
flatter slopes allow greater widths. Some sedimentation may occur behind the
breakwater.
Suitable sites have flat bottom and shallow water nearshore, less than 3 feet
deep 50 to 100 feet offshore.
Simple, nailed construction. Heavier construction may be required in high
wake environments due to traffic at low tides. Small wood breakwaters not
suitable for high energy environments
Cost approximately one-third to one-half that of wood-end bulkheads
Reference: Broome, Rogers, and Seneca 1992.
(Sheet 2 of 4)
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Table 5-7 (continued)
Erosion Control Structures and Design Considerations
Structure Materials Design Considerations

Triangular Aluminum, tripod | A wave attenuation device.

Breakwater Flow -through design, stringers on front and back at 45-degree angle off the
vertical. Fence cross sections are triangular. Vertical stabilizers extend into the
sand bed.

Reference: Ouzts and Machemehl 1977
Offshore Sand covered Sills reduce wave height by initiating wave breaking, protecting the land form
Sill with stone, stone, | behind the sill.
gabaobns andth Sill crest is typically at about low mean water, and 3 to 4 feet in width. Best
zﬁir:ablaeg& Oer 1 |ocated where tidal fluctuation is 2 feet or less (Eckert, Giles and Smith 1978).
materials. Low to medium cost structure. Placement costs may be most significant for
sandbags and gabions requiring individual placement. Requires less material
than a breakwater.
Reference: Eckert, Giles, and Smith 1978, USACE 1977
Log Cribs Timbers, coarse Parallel rows of timbers are filled with cobbles. Log cribs are used to reinforce
cobbles streambanks and are quite resistant to erosive flow, though not natural in
appearance.
Triangular log crib deflectors are used to deflect current at a point on the
streambank.
Susceptible to undermining.
Reference: Binns 1986.

Christmas Brush or trees, Christmas tree fences act to reduce water velocities and wave action and

Tree fencing material facilitate sediment accretion.

E?Qr?cer?/ Low energy environments - trees or brush can be tied into network of stakes

Boxes Moderate energy environments - a crib is constructed of parallel rows of fencing
material, posts and hogwire. This is filled with Christmas trees, or brush.

The top of the cribs may be secured to prevent material from floating out.
Greatest accretion occurs with fencing in shallow water sites (< 1 meter) tied in
to shoreline. Other siting possibilities: closure of a breach, enclosure of a
corner of a pond.

Reference: Steller 1991, Allen 1992b

Slotted Boards and A streambank stabilization structure. Pilings are driven at the toe of the bank

Wood pilings and treated planks are bolted at intervals to the face of the pilings.

Fences Slotted fences reduce water velocities and induce sedimentation behind the
fence.

Utilized on bends with short radius of curvature and straight sections with high
banks.
Susceptible to undermining.
Reference: Baker 1980.
Kellner Long concrete A streambank stabilization or training structure utilized to reduce flow velocities
Jacks beams or angle and induce sedimentation. Installed in single or multiple rows and anchored to
iron sections pilings or deadmen.
joined at centers | ;saq with slotted fences in some cases to further reduce water velocities.
to form hexapod
Reference: Baker 1980, Keown et al. 1977
(Sheet 3 of 4)
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Table 5-7 (continued)
Erosion Control Structures and Design Considerations
Structure Materials Design Considerations

Bulkhead Filled concrete A retaining wall separating land and water

culverts, post

and timbers, Reference: Coulombe et al. 1982.

aluminum

sheeting and

stone
Drop Earth, Soil- Grade control structures to alter regime of stream from steep and eroding to
Structures cement, stable.

Concrete Pipe, 1.5H to 1V embankment slopes possible with soil-cement structures. 2H to 1V

Riprap, or 3H to 1V typical drop slopes (Wulliman and Hanson 1990).

Gabions, Sheet Reference: Roberson, Cassidy, Chaudhry 1988, Watson and Abt 1993,

pile Waulliman and Hansen 1990., Soil Conservation Service (SCS) 1984, SCS 1989.
Diversion Graded earth Demonstrated in halting gully development. Utilized to divert and capture
Terraces/ sediment transported in surface flow. Potential for use in protecting wetlands
Detention from excessive sedimentation from overland flow.
Ponds Reference: Knighton 1984.

(Sheet 4 of 4)

Advantages

a. V egetation and natural materials used for protection complement or become an
element of the created and restored wetland.

b. Additional habitat can be created. Because the protection is often at the interface
between open water and heavily vegetated water or land, it lies within the very
productive portion of the wetland. V egetated banks provide more appealing vistas for
humans and more attractive habitat for wildlife that may otherwise be deterred by
unnatural settings.

C. Vegetation is self perpetuating.

d. V egetation will continue to strengthen and stabilize the bank assuming no destabilizing
forces overcome the vegetation.

e Successional or invasional species colonizing a site can add natural variety to the
original protection scheme.

f. V egetation minimizes the potential obstructions to the ingress and egress of organisms
to the wetland, as well as the movement of water into and out of the wetland.
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Disadvantages

a. V egetation takes one to three years to fully develop.

b. V egetation often requires stabilization measures to protect it during development.
C. Vegetation is only successful when applied to mild erosional climates.

d. V egetation requires continuous monitoring and maintenance.

e Minimal guidanceis available for designing vegetation erosion protection based on
wave and current conditions.

Common Reasons for Failure

a. V egetation fails because there is no protection during the devel opment stage.

b. Improper plant selection, handling, planting technique, or positioning may hinder
devel opment and propagation of plants.

C. The quality of the substrate was inadequate to support vegetation.
d. Opportunities to correct problems were missed due to inadequate monitoring and

mai ntenance programs.

Design Characteristics

The following information was derived from Knutson and Inskeep (1982), Knutson and
Woodhouse (1983), Allen and Klimas (1986), and Knutson et al. (1990). Other useful references
are Coppin and Richards (1990), Gray and Leiser (1982), Schiechtl (1980), Allen and Webb
(1993), and Allen (1992b).

Soil Type. Marsh plantswill grow in avariety of soils from coarse sands to clays. The soil
characteristics that affect the success of marsh plantings are substr ate stability, nutrient supply
and ease of planting. The substrate must be stable while the plants develop root systems to
anchor themselves. Plants may need several weeks to develop an anchoring system within their
roots. Soil nutrients are required to help plants grow, but the nutrient concentrations also
determine how quickly plants will grow. When nutrients are readily available in the soil, plants
will grow more quickly. Soils should be tested for nutrients and a determination made asto
whether nutrients (fertilizers) should be added. Hard clays are more difficult than loose sand to
plant and newly placed dredged material is usually too soft for planting machinery to be used.
The labor involved in planting depends on the difficulty in penetrating the soil and whether hand
labor or machinery is used.

Salinity. Important for coastal marsh plantings. Regularly flooded areas will have salinities at
35 parts per thousand (sea strength) or less. Vegetation can be found that tolerate these levels of
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salinity. Most plants with atolerance to seawater still tend to do better in areas where the
salinity is below sea strength. Irregularly flooded areas or areas where waters do not flush
significantly may have higher salinity values. Developing a successful vegetative stabilization
scheme in these areas because of the stress on the vegetation is diffficult. If some doubt exists as
to whether the vegetation will survive, locating existing stands of similar vegetation in similar
(and nearby) areas will provide agood indicator for potential success.

Sunlight. Many emergent plants require maximum light exposure. For example, if emergents
are planted near overhanging trees or bushes they will not survive. Water clarity and depth and
duration of submergence during water level fluctuations affect the locations at which emergent
vegetation will grow. Where an overhang is present, a recommended procedure isto clear the
overhang back 3to 5 m.

Shore Width Planted. V egetation protects a bank by dissipating the nearshore current and
wave energy. The broader the band of vegetation available for currents and waves to pass
through, the greater the magnitude of dissipation. Based on observations, apractical planting
widthis6 m. If the offshore slope istoo steep to alow for this beach width, then the bank
should be graded. (Grading should be done well in advance to alow for consolidation of
sediments before planting.) Along the Atlantic coast where tidal fluctuations are lessthan 2 m,
emergent vegetation can be found throughout the intertidal zone. Where the tidal fluctuations are
greater than 2 m, establishment of vegetation in the lower part of the intertidal zone becomes
more restrictive or impossible.

Sediment Supply. The loss of sediments from wetlands during storms or floods must be
replenished during other periods. Sediment must be available through suspended or bedload
transport. No guidelines are available for evaluating sediment supply.

Survival by Fetch. Survival of marsh plantsisinversely proportional to the fetch length to the
marsh. Knutson et al. (1990) found that 89 percent of projects exposed to less than a 2-km fetch
were successful or partially successful (no erosion landward but some erosion at seaward edge of
marsh). Conversely, 83 percent of the projects with fetches greater than 18 km were failures.

Survival by Shore Configuration. Projectslocated in harrow coves are exposed to waves only
when waves are directed nearly perpendicular to shore. Projects|ocated on headlands are
exposed to waves from almost every direction. Hence, the likelihood of survival of amarshin a
cove is greater than that for a marsh established on a headland.

Survival by Inundation Duration. In the riverine environment, vegetation is generally unable
to survive along the toe of the bank in streams having a continuous or base flow, or when there
are strong hydraulic shear forces. For these reasons some form of structural protectionis
required up to the level at which vegetation can survive periodic inundation.

Sediment Grain Sze. Sediment sizesin the intertidal zone are rough indicators of the wave-
energy climate and so are potential indicators of planting success. Knutson et al. (1981) found
that 84 percent of planted sites were successful or partially successful when the mean grain size
was less than 0.4 mm. Conversely, they found that 82 percent of the sites failed where the mean
grain size was greater than 0.8 mm.
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Offshore Depths. Shallower offshore depths offer a better opportunity for successful
shoreline stabilization projects. The shallower the offshore depths the smaller the wave heights
for agiven wind and fetch. For example, based on the methods in the SPM (1984) , a 13.9-m/s
wind blowing over a 16-km fetch with awater depth of 1.5 m will generate a 0.5-m wave height.
The same wind over the same fetch length but with awater depth of 12 m will generate wave
heights of 0.8 m.

Tidal Currents. Marsh plantings as well as existing marshes are vulnerable to erosion by tidal
currents. The proximity of tidal channels to the planting site and their tendency to migrate
toward the plantings should be considered.

Plant Materials (sprigs, pot-grown, plugs). Sprigs are easiest to handle, transport and plant.
They must be obtained from afield nursery planted at least one year in advance or from a nearby
stable stand of vegetation. Pot-grown plants are easy to produce but cost 2 to 5 times that of
sprigsto grow and plant. They are more difficult to transport and plant. Field-collected plugs
are even more cumbersome to transport and plant and cost at least twice that of pot-grown plants.

Planting Methods (hand planting and tools, power-driven auger, machine planting). Hand
planting with dibbles, spades and shovelsis suitable for all types of plants. A power-driven
auger isuseful for difficult soils and for planting pot-grown seedlings and plugs. Machine
planting is very efficient for large-scale plantings of sprigs and most can be equipped to handle
seedlings.

Intertidal Plants. Several plants are available for stabilization projects. Two particular
species are dominant in the intertidal zone. On the Atlantic seaboard and Gulf coast, smooth
cordgrass (Spartina alternaflora) is dominant. On the West Coast, pacific cordgrass (Spartina
foliosa) is more common. Notes on these emergent plants are provided in Table 5-4.

Riverine Plants. Plant specieswill vary up the bank depending on inundation frequency and
duration and on their ability to withstand current attack. In the lower bank zone subject to
frequent inundation, plants like reeds, rushes and sedges are recommended for planting. In the
next zone up the bank grasses and woody plants are used which are flood tolerant and able to
withstand inundation for up to several weeks. Various shrub-like willows such as peach leaf and
basket are used in this zone. Alder and dogwood species have also been used in this zone. In the
upper zone of the bank, inundation is much less frequent and grasses, shrubs and trees less
tolerant to inundation are planted.

Other Considerations

V egetation used for bank protection must often be protected itself (or its foundation
enhanced) until it has had time to develop root systems and athick stand. Vegetation is sensitive
to its environment, such as water depth, water clarity, water quality, sediment type and nutrients.
A good indication of whether vegetation will survive at a given location isto look for similar
conditions in the region where vegetation has survived.

No significant design guidance on allowable velocity or wave heightsis available for using

vegetation for shoreline and streambank protection. The references provided at the end of this
section are a good resource for available techniques, but quantitative design guidance is lacking
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for designing vegetative protection for a given stream vel ocity or wave condition. A successful
design depends on a thorough understanding of the physical and biological processes of the local
environment and the protective vegetation and extensive experience with bioengineering
techniques.

V egetation can be protected initially by using some of the alternatives mentioned in the armor
protection section below. Basically, anything that limits the intensity of waves and currents
during vegetation development to an acceptable level is satisfactory. Additionally, you can apply
techniques to strengthen the foundation in which vegetation is established. For example, natural
or synthetic fiber mats can be sprigged with plants or the plants can be grown in fabric-sediment
rolls. Vegetated mats and rolls can be grown offsite and transported to the project at
construction. The mats and rolls provide a stable substrate for the plant roots. When vegetation
is grown offsite, asignificant lead time to construction is necessary so that the vegetation is
ready for placement at the time of construction.

Vegetation has a limited range over which it is able to maintain sediment stability. That is,
vegetation can only withstand a certain level of wave and current magnitude, beforeitis
undermined or otherwise destroyed. However, even in cases where something other than
vegetation is proposed for erosion control, you should always consider the possibility of adding
vegetation to the design. For example, if rock revetment is necessary, it may be possible to plant
vegetation between the rocks. The Natural Resources Conservation Service (NRCS) has
established threshold levels for some vegetation protection techniques.

If abank istoo steep for vegetation to become established and thrive, the bank should be
graded to an angle sufficient to support vegetation. If the bank previously contained vegetation
but waves and currents have destroyed it and steepened the bank, then additional protection will
be required after the bank is graded to prevent the bank from steepening again. The steepest
bank slopes usually used for vegetation are 1:1. However, milder slopesof 1:2 or less are
recommended.

Fiber Mattresses

Fiber mattresses consist of intertwined natural or synthetic fibers. The mattresses are porous
allowing water to permeate while retaining sediments. Fiber mattresses do not require the use of
afilter fabric or layer. Fiber mattresses are strong but depend on the quality of the materials for

durability. The success of a mattress depends on its strength, durability, and the system used to
anchor it.

Advantages

a. Biodegradable fiber mattresses can be used as temporary protection during the
establishment of vegetation.

b. V egetation can be sprigged in the mattress.

C. Mattresses are relatively inexpensive although, depending on the application, labor
costs required to anchor the mattresses can be high.
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d. Properly selected and installed mattresses are less noticeable and enhance aesthetic
values.

Disadvantages

a. Mattresses are sometimes difficult to anchor sufficiently because the broad surface
may experience large uplift forces.

b. If the anchoring system is damaged, the mattresses that are free to move may damage
wetland vegetation and create an unsightly appearance.

C. No design guidance is available for proper selection of mattresses for given currents or
wave conditions.

d. No guidanceis available for sufficient anchoring techniques for given currents or wave
conditions.

Common Reasons for Failure

a. Materials used in the mattress degrade too rapidly. For example, some glues used to
hold the mesh together may soften in awet environment.

b. Anchoring systems are pulled out by wave or current-induced uplift and drag forces on
the mattresses.
C. Anchoring systems are undermined by currents or waves.

Design Characteristics

Mattress Overlap. A recommended technigue for connecting horizontal edges of the
mattressesis to overlap them high bank over low bank. The overlap should be at |east one foot
and the overlapping pieces connected together as part of the anchoring plan. If more than one
length of mattressis required for a project the mattresses should be overlapped upstream to
downstream. The mattresses should overlap by at least one foot and be connected as part of the
anchoring system.

Mattress Thickness. Fiber mattresses are usually limited to 0 to 5 cm. thick. No guidanceis
available to determine an appropriate thickness for a mattress placed in a given current or wave
climate. In general, athicker mattress might be better as it keeps currents further away from the
sediment interface and will tend to trap sediments moving in suspension or as bedload.

Other Considerations. Manufacturers may present the high stress that the material can
withstand before it fails, but failure is usually due to things other than material failure dueto
stress. For example, apoorly installed mattress may be easily undermined by allowing water to
flow freely beneath the mat. Depending on the velocity of water asit flows over the broad
surface of the mat, uplift forces will be exerted on the mat. The anchoring system is most
important under those conditions.
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The durability of the product in the climate of interest is avery important consideration as
well. Natural materials should be slow to biodegrade. Synthetic materials should also degrade
slowly especially in the presence of sunlight. In coastal applications, the materials should be
resistant to the chemical and corrosive effects of seawater.

Also to be considered are the potential effectsif failure should occur. The movement and
littering of mattress material about the region should not present any serious ecological,
economic, social or political ramifications. For example, large sections of geotextile fabrics,
nylon mesh and ropes, and other synthetic materials may be difficult or costly to locate and
remove.

Cellular Concrete Mattresses (CCM) and Block Revetments
Erosion protection from wave attack or streamflow can be provided by man-made concrete
blocks often labeled CCM for cellular concrete mattress. These interlocking or cable-tied blocks
form arevetment similar to a gabion mattress. Cable-tied blocks are usually placed mechanically
by crane and spreader bar, whereas interlocking blocks can be mechanically or hand-placed.
Most CCM blocks vary in size, shape, and thickness to accommodate velocities up to 7 m/s
and wave heights up to about 2 m. A minimum thicknessis about 10 cm. up to 20 cm. for all

blocks with lengths and widths averaging about 35 to 45 cm.

Common to most concrete block or concrete mattress installations are these basic
requirements:

a. Use afilter between the natural bank and the blocks.

b. Ensure the slope is stable under fully saturated conditions.

C. Ensure drainage of the soil to relieve hydrostatic pressures.
d. Ensure the CCM and block revetments are properly anchored.
e The use of toe protection initially placed to the maximum scour depth is recommended,

or amethod that can adjust as scour occurs such as loose riprap or an apron of cable-
tied CCM blocks.

f. Beware of inexperienced contractors and poor quality control. Attention to detail is

critical with CCM blocks. Many of the failures that have occurred were the result of
instability at the ends, edges, and transitions to other surfaces.

Advantages

a. The CCM open area of 20 to 25 percent allows col onization by vegetation.

b. The alternative can be cost-effective for urban streams.
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C.

d.

€.

f.

CCMs are flexible and durable and can conform to minor bank settlement.

CCMs require less tonnage than riprap with athickness roughly less than one-third that
of riprap for channel flow applications.

CCMs are easily maintained and can be mowed to control vegetation if necessary.

The revetment voids and hardened substrate can provide habitat for various biota.

Advantages of Cable-Tied or Geotextile-Bonded Blocks

Blocks held together by cables or bonded to a geotextile to form alarge flexible mat can
have additional advantages over other types of block protection:

a.

d.

They offer greater flexibility, while retaining the advantage of interconnection to
restrain blocks under extreme loading conditions.

They have areduced risk of progressive local failure under extreme loading or
deformation.

They are easily placed underwater and can be used as a flexible apron to address toe
scour.

They can be placed rapidly including anchoring to subsoil.

Disadvantages

e.

Cable-tied and geotextile-bonded systems are usually proprietary.
They can be expensive in rural areas.

They are susceptible to vandals removing blocks (non-cabl ed).
Presently lacking design guidance on some CCMs.

Unnatural appearance unless vegetation is allowed to hide protection.

Common Reasons for Failure

a.

b.

Page 5-54

Toe scour undermining the revetment.

Excessive settlement leads to large hydraulic forces and an irregular block surface
that can expose blocks.

Inadequate treatment and attention during design and construction to edges, ends,
and transitions to other surfaces.
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Design Characteristics

Block Type. Avoid designs where small concrete protrusions subject to breakage make up
the interlocking design. Use appropriate concrete strength as opposed to construction blocks that
areweak and friable.

Safety. Consider safety if public has access to the revetment. The submerged portion of the
mattress can become slippery which may be more of a problem if the slope is too steep.

Block Sze. Available guidance isfound in the manufacturer’s literature and may or may not
be based on actual stability tests. Where guidance is not available for current attack applications,
use a block thickness equal to one-third the riprap thickness computed from EM 1110-2-1601
(USACE 1994b).

Mattress Placement. Concrete mattresses come in assorted widths depending on
manufacturer and placement equipment. The mattressis placed on the bank with the top edge
buried behind the crest of the bank to prevent overwash overbank drainage erosion.

Toe Scour. The bottom of the mattress should be buried below the toe of the slope to the
expected scour or, if using cable tied mattresses, should extend horizontally twice the expected
scour depth beyond the toe of the bank.

Filter Layer. A geotextile fabric must be used behind the CCM mattress to prevent bank
material from filtering through and undermining the mattress.

Bank Sope. In general, a CCM mattress should not be placed on abank steeper than
1V:1.5H.

Riprap Revetment!

Riprap revetments are placed on a sloping bank and depend on the stability of the
underlying soil for support. Fill material beneath a revetment must be adequately compacted
prior to instalation of the riprap. A riprap revetment, like the other revetments, consists of two
or more layers. Thefirst layer isafilter layer (or fabric). The filter supports the armor against
settlement, provides drainage of groundwater through the revetment and prevents the retained
soil from being washed through the armor layer by waves, currents, or groundwater seepage.
The second layer is the armor layer which contains the larger stones that protect the filter layer
and the bank. The armor layer maintains its position under wave and current forces either
through the weight or interlocking of the individual units. Toe protection prevents displacement
of the seaward or riverward edge of the revetment. Overtopping water must be controlled to
prevent erosion problems at the top and behind the revetment.

1 Much of theinformation in this section is taken from USACE (1981) (Low-cost shore protection, Section 54 study)
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Advantages

a.

b.

Riprap is self-adjusting to small amounts of substrate consolidation or movement.

Riprap may experience minor damage and still continue to function adequately
without further damage.

The rough surface of riprap dissipateslocal currents and minimizes wave runup more
than a smooth revetment such as a concrete block revetment.

Material is readily available in many locations and can be less expensive than other
structural alternatives.

Aquatic organisms can use the riprap as suitable habitat.

Riprap can be repaired easily by placement of additional stone when needed (if
access to the location is reasonabl e).

Disadvantages

a.

If material isnot locally and readily available and easily transported to the site, costs
can be prohibitive.

Riprap may present a barrier to organisms entering and leaving the wetland.
Riprap may not be aesthetically pleasing to some people.

Riprap may pose a hazard to people with access to the revetment.

Common Reasons for Failure

a.

b.

C.

d.

Flanking, overtopping and undermining of the revetment.
Settlement of sections of the revetment due to poorly consolidated substrate material.
Improperly designed or installed filter layer or fabric.

Undersized stone riprap displaced by large waves or currents.

Design Characteristics

Bank Sope. The underlying bank slope should be well consolidated and the steepest slope
allowed should be 1 vertical on 2 horizontal (1:2) for waves and 1:1.5 for streamflow..

Filter Layer or Fabric. If agraded stonefilter is used, it may be significantly more fine-
grained than the armor layer. This may require the use of an intermediate layer of stone between
the armor and the filter. Thislayer should consist of units about 1/10 the weight of stonein the
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armor layer. If afilter fabric is used, thisintermediate layer is also recommended because it acts
as bedding, helpsto distribute the armor stones weight and protects the cloth from punctures and
tearing under the weight of the armor.

Armor Stones for Waves. The longest dimension of individual stones should be less than
three times the shortest dimension. Avoid using plate-like or cylinder-shaped stones. Stones
should be angular and blocky, not rounded.

The size of stone can be estimated with the following formulafrom the SPM (1984):

wH?3

W = (5-8)
Ko(S - 1)° cot ©
where:
W = weight of an individual armor stone (N)
H = wave height (m)
S = specific gravity of the armor stone, unitless, = w,/w,,
cot = slope of the structure expressed as horizontal units/ vertical unit
Ky = stability coefficient (from Table 5-8)
w, = unit weight of the rock (N/m?)

If uniform quarrystone is used, the individual stones should range from 0.75W to 1.25W
with 75 percent of the stones weighing W or

more. For graded riprap, W corresponds to

the minimum value of W, referred to as Table 5-8

Waominy» @nd the recommended gradation is 3.6 Stability Coefficients (Ky)

W, t0 0.22 W, for Stone Revetments
Armor Stone for Sreamflow. Guidance Armor Unit Kp

for riprap in streamflow applicationsis found Quarrystone

in EM 1110-2-1601, “Hydraulic Design of Smooth Rounded 2.1

Flood Control Channels,” dated 1991 with Rough Angular 35

Change 1 dated 30 June 1994. This guidance Graded Riprap 2.2

uses a procedure based on local depth-

averaged velocity.

From EM 1110-2-1601 the equation for determining stone sizeis

12 2.5
Yw \Y
D,, = SCCC.d (5-9)
30 S‘ sTVvTT Y, - YWJ —Klgd
where
Dy = riprap size of which 30 percent (by weight) isfiner, m
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S = safety factor, unitless (S >1.1)

C, = stability coefficient for incipient failure, unitless
C, = vertical velocity distribution coefficient, unitless
c = blanket thickness coefficient, unitless

d = local depth of flow, m

Yo = unit weight of water, N/m?

Ys = unit weight of stone, N/m?

V = local depth averaged velocity, m/s

g = gravitational constant, n/s?

K, = side slope correction factor, unitless

Riprap thickness for most streambank protection projectsis the greater of 1.0D,,,(max) or
1.5D.,(max) and the blanket thickness coefficient (C;) can be taken as 1.0. For riprap of this
thickness and having a uniformity coefficient (Dg/D,5) between 1.7 and 5.2, the stability
coeeficient for incipient failure (C) can be estimated as:

C,=0.30 for angular rock
C,=0.375 for rounded rock

The value for the vertical velocity distribution coefficient (C,) should be:

C,=10 for straight channels or inside of bends
C,=125 downstream of concrete channels
C,=125 at end of dikes
C,=1.283- 0.2log(R/W) for outside of bends ( or 1.0 for R/W > 26)
where:

R centerline radius of bend, m

w water surface width at upstream end of bend, m

Recommended side slope correction factors (K,) based upon slope are:

Slope 1V:1.5H 1V:2H 1V:3H 1V:4H or flatter

K, 0.71 0.88 0.98 1.0

A minimum safety factor (S) of 1.1 should be used in all cases.

For bank protection V =V s where V i is the depth averaged velocity at 20 percent of the
slope length up from the toe. For natural channels typical of wetland applications, Vg is
determined from Figure 5-3 using average channel velocity, R, and W.

Toe. Inthe wave environment, the toe of the revetment should extend to one design wave
height below the existing grade line to prevent undercutting. In lieu of deep burial, a substantial
sacrificial berm or apron of additional rubble (with filtering) should be provided at the toe. See
the alternative below “Windrow and Trench-fill Revetments and Toe Protection” for guidance
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Figure 5-3. Depth averaged velocity as a function of R and W; V s is the depth averaged
velocity at 20 percent of slope length up from toe.

for toe design in the riverine environment. In the streamflow environment, reference USACE
(1994b) for toe protection guidance.

Dynamic Revetment!

A dynamic revetment consists of alarger volume of smaller stones as compared to a
standard riprap revetment as described above. Because of the smaller stone size, the cross-
sectional form of a dynamic revetment will be adjusted by the forces acting on it creating an
equilibrium form. The larger volume of stone is required to ensure that the bank isfully
protected even after the cross-sectional shape of the revetment is altered.

Advantages
a. Smaller equipment is required to place the smaller stones.
b. Placement of stone requires less care than a standard riprap revetment.

C. Smaller stone may cost less than larger stones required for a standard riprap
revetment.

1 This section is based on the description and design guidance presented in Ahrens and Heimbaugh (1989)
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d. Thefinal cross-sectional shape is more natural looking than atypical revetment. The
composition and form is similar to that of a pebble or shingle beach.

e The smaller stone sizes present less of an obstruction to smaller organisms that need
to enter or leave the wetland.

f. The smaller stone sizes present less of a hazard to foot traffic.

Disadvantages

a. Smaller stones are not always less expensive than conventional riprap sizes. Without
lower costs, the greater uncertainty in the performance of dynamic revetments (over
conventional riprap revetments) may not be warranted.

b. Foot traffic and other activities may damage the equilibrium cross section obtained
by the revetment. The cross section of a conventional riprap revetment is not likely
to be damaged by foot traffic.

C. L ess guidance and verification of guidance is available for dynamic revetments as
opposed to conventional riprap revetments.

Common Reasons for Failure

a. The stone size istoo small to remain stable under the given wave conditions.
b. Insufficient volume of stone is placed on the bank.

C. The stones are not constrained from moving laterally along the shoreline.

d. The revetment is undermined by poor filter layer, fabric, or overwash.

Design Considerations

Sability. Theinformation presented here for determining stability should be used only for
estimating the size and volume of stone required for a dynamic revetment. The references cited
in this section should be consulted for a more detailed explanation for the appropriate use of the
formulae provided.

Stone size can be related to wave height through the stability number given by Hudson and
Davidson (1975) as

N-— 5 (5-10)
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where:
N, = stability number (lower value more stable), unitless
H, = significant wave height, m
Dy, = median stone diameter, m
w, = unit weight of the stone, g/cm?®
w, = unit weight of water , g/cm? (fresh water: 1.000 g/cm?, seawater: 1.025 g/cm®)

van de Meer and Pilarczyk (1986) used the stability number to classify structures and found
that a dynamically stable rock slope has an N between 6 and 20. Therefore, given avalue for H
and selecting avalue for N, between 6 and 20, you can determine an adequate median stone size

(Dso)-

Ahrens and Heimbaugh (1989) found that the most significant volume of rock affecting
stability is the volume above the assumed still water line (swl). Assuming constant cross-
sectional shape, the volume can be considered as the area above the swl per unit width of
shoreling, A. The best parameter to use to determine the potential success or failure of the
structureis

A= 2 (5-11)
HSLO

where:
A = areaabove the still water line per unit width of shoreline, m?
L, = deepwater wavelength, m
H, = deepwater significant wave height, m.

All designs should have avalue of A' greater than 0.1 to prevent failure.

Gabions

Gabions are rectangular baskets or mattresses made of galvanized, and sometimes PV C-coated,
steel wire in a hexagonal mesh, subdivided into approximately equal sized cells. At the jobsite,
the baskets are unfolded and assembled by lacing the edges together with steel wire. The

individual baskets are then wired together and filled with suitable diameter stone. Thelids are
finally closed and laced to the baskets, forming alarge, heavy mass.

Advantages

a. Smaller stone used in agabion can offer protection equivalent to the much larger
stone used in ariprap revetment. (Assumes no destruction of the wire baskets.)

b. Can support some vegetation.
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c. Can be cost-effective when using locally available stone filler.

d. Requireslesstonnage than riprap. Gabion thicknessis roughly one-third that of
riprap revetment.

e. Flexible and durableif properly maintained.

f.  Can be stacked to obtain near-vertical side slopes where available right-of-way is
limited.

g. The gabion baskets can be built without heavy equipment.
h. Gabions are flexible and can adjust to minor settlement of their substrate.

i.  Gabions can be repaired easily by mending or replacing damaged baskets and
refilling them as needed.

Disadvantages

a. Wiremesh is subject to damage from strong waves, floating debris, corrosion, wear
from high velocity sediments, and vandalism.

b. Labor intensive installation required.
c. Reguire monitoring and maintenance to identify wear before failure occurs.

Common Reasons for Failure

a. Basketsare not filled completely or adequately allowing them to move, resulting in
abrasion and fatigue failures of the wire.

b. Baskets are damaged by floating debris, wear or corrosion.

Design Characteristics

Wire Characteristics. Wireis either galvanized or PV C coated for corrosive
environments. See USACE (1993b) guide specifications for gabions.

Thickness. Expected flow velocities are required to determine the thickness of gabion
structure required. Based on a smoothly graded bankline, design guidance in the Maccaferri
Gabions publications (undated) suggests that gabion mattresses with thicknesses of 9, 12, and
18 inches will withstand velocities up to 10, 15 and 18 feet per second, respectively. Modular
Gabion Systems guidance (undated) allows somewhat higher velocities. (Titles of undated
gabion information publications are available from Maccaferri Gabions, Inc., Governor Lane
Blvd, Williamsport, MD 21795: “Maccaferri Gabions; Gabions, Revet/Reno Mattress,”
“Maccaferri Gabions, Maccaferri Revet Mattress,” “Maccaferri Gabions; Instructions for
Assembly and Erection.”

Page 5-62 Chapter 5-4 Shoreline Protection and Erosion Control



Wetlands Engineering Handbook March 2000

Placement. The normal gabion mattress width is 2 meters and common lengths are 3 or
4 meters with interior diaphragms on 0.7- to 1.0-meter spacings along the gabion length. Specia
mattress sizes can be fabricated for extensive protection projects. All mattress gabion revetments
are tied together side-by-side to form a continuous blanket of protection. Gabion revetments, as
any successful protection, must be constructed on a stable bank with proper internal drainage.

Bank Sope. Mattress-type gabions should not be placed steeper than 1V:1.5H but box-
type gabions can be stacked where near-vertical side slopes are required.

Toe Scour. Gabion mattresses are an effective method of providing toe scour protection
that will adjust when scour occurs. If placed horizontally, the mattress should extend out from
the toe of slope adistance equal to twice the expected scour depth.

Filter. Geotextile fabric should be used beneath gabions.

Partial Bank Protection

On small to intermediate streams, most banks can be protected by a combination of structural
protection on the lower bank and vegetation on the upper bank. Asageneral rule, the larger the
stream, the greater the portion of the bank that must be protected with structures. Partial bank
protection reduces the quantity of often costly structural protection and promotes vegetation in
the riparian zone. An example isawillow post protection scheme that has performed
satisfactorily in several applications. A minimal amount of structural protection such asriprapis
placed along the toe of the eroding bank. The upper bank is graded to 1V:1H or flatter and 10- to
15-cm-diameter willow posts are augered vertically into the upper bank leaving 1.0to 1.7 m
exposed. The posts are sufficiently long to extend down into the water table to support the
willow growth. The willow posts are placed along and up the eroding bank above the structural
protection. While the willow and other vegetation is becoming established on the upper bank,
the exposed posts provide flow resistance that reduces velocity on the upper bank. For high
banks, the willow posts are often not long enough to extend to water that will support the willow,
and other vegetation species are used on the higher regions of the upper bank.

Windrow and Trench-fill Revetments and Toe Protection

Windrow and trench-fill revetments are armor methods used in the riverine environment in
which the stream erosion places the riprap revetment. Initialy theriprap is placed behind the
eroding streambank along the desired alignment in a trench at top of bank for windrow
revetments and at mid to lower bank for trench-fill revetments. As the stream erodes back to the
rock-filled trench, the rock falls or launches down the eroded slope and armors the bank. One of
the primary requirements for successful stone launching is that the eroding streambank material
must be relatively noncohesive so that the bank failsin a uniform manner. Cohesive banksfail in
blocks and the rock-launching process becomes uneven and uncertain. Design guidance for
windrow and trench-fill revetments can be found in USACE (1994b) and Maynord (1995).
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Riprap is the most common method for providing toe protection in the riverine environment.
Theriprap is either placed down to the elevation of the maximum scour or, similar to windrow
and trenchfill revetments, placed in a section of riprap called a weighted toe to launch down as
toe scour occurs. The weighted toe method is particularly useful in protection constructed
underwater. Volume of stone in the weighted toe is more important than the shape of the before-
launch section.

Advantage
a Eliminates underwater excavation.

Disadvantages

a. Requires greater stone volume due to uncertainty in the launch process.

b. Requires noncohesive bank to properly function.

Mild Offshore Slopes

In wave-dominated climates, a mild bottom slope (especially, when vegetated) isless likely
to develop a serious erosion problem. A mild offshore slope helps to dissipate wave energy
before it reaches the edge of the wetland. If the Slope is vegetated additional energy losses
occur. The slope must be made of material that can sufficiently resist breaking, propagating
waves. If the wave climate is mild enough so that sand can be used, it will form reasonably
submerged and subaerial stable bars and berms which help stabilize the sediment and dissipate
wave energy.

A preliminary result of atest along the Gulf Intercoastal Waterway (GIWW), showed that a
1:15 dope fared better than a 1:10 slope for a dike exposed to boat wakes. After 2 years, the 1:10
slope shows an erosional scarp while the 1:15 slope does not. Thisresult is not conclusive,
however, as conditions offshore of the slopes have not been evaluated to determine whether they
influenced wave conditions incident to the slopes.

Sand

In some wave-dominated projects where wave heights are small, if a sufficient amount of
sand can be placed offshore of the wetland, it can act to cause waves to break and dissipate their
energy before reaching the wetland. Thisis similar to the idea of developing very mild offshore
slopes as mentioned above. If the sand is contained within the project area (bounded laterally by
land or structures), then it may shift around within the region due to wave action and eventually
form an efficient energy dissipation zone. A low “backwall” and lateral boundaries are present to
keep the sand from moving out of the system. While no guidance or examples are available, itis
worth considering that sand is used for shore protection on the open coasts which are exposed to
the full fury of storms. Sand isagood energy absorber. If the wave climate and water levels are
too great, however, sand may be pushed into the wetland area being developed, destroying the
new or existing vegetation. A “back wall” is needed.
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Sill

Sills are offshore structures with the crest usually submerged. The sill is designed to retain
sediment and prevent it from migrating offshore. Design of alow-permeability structureis,
therefore, important. A sill is often used in conjunction with other shoreward structures.

Berm

Submerged linear mounds of sediment may be placed offshore from the project site. The
purpose of the bermsisto reduce wave energy incident to the site by causing waves to break as
they pass over the berms. No design guidance is available for constructing bermsin very shallow
waters near awetland creation or restoration project. No guidance is available to determine the
amount of wave energy reduction that will occur.

The berms will generally erode due to sediment transport by tidal-, wind-, and wave-induced
currents. Therate of erosion and the resulting change in the berm shape is also unknown. The
coarser the sediments used in the berm the more stable the feature will be. The advantages of
using berms as part of the shore protection for a project are that they add interesting features and
variations to local bathymetry, they afford (at least temporarily) some protection against wave
energy, they add sediment to the local sediment transport system, and they provide a useful
means of using otherwise excess sediment from arestoration or creation project. The
disadvantages occur when the advantages do not apply. That is, berms are a disadvantage when
they do not add useful variationsto the local bathymetry but rather cover existing bathymetry,
when they add too much sediment to the sediment transport system, and when they require
significant effort to construct but do not survive long enough to provide much protection against
incident waves. Berms should be used in conjunction with other alternatives for bank protection.

Stable Tidal Channel Design

Tidal wetlands must have a channel network that will provide the proper quantity of tidal
water to achieve project goals of water quality and tidal circulation. While a channel network
will form on its own in a created/restored wetland, initial sculpting of the wetland will cause
channelsto formin desirable locations that will meet project goals. The planform, channel cross
section, and slope are determined by tidal characteristics, marsh sediment size, suspended
sediment input, and biotic parameters such as the increase in stability that results from vegetation
and the decrease in stability that results from burrowing animals. Because of the complex
interactions of these variables, tidal channel dimensions are difficult to determine from first
principles. Consequently, empirical methods are the best available method for small to medium
tidal channel design in wetland restoration or establishment projects. The general form of these
empirical relations are;

Channel Width, Depth, or Area= f(tidal prism) (5-12)
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Thisrelation is similar to regime theory for upland channel design that is afunction of
discharge rather than tidal prism. Coats et al. (1995) provides empirical data and relationships
applicable to California marshes and outlines a procedure to apply results to other areas.
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6-1 Introduction to Vegetation
Establishment Considerations?

Decision Sequence for Establishing Wetland Vegetation

Wetland restoration and establishment project development and implementation
encompasses many disciplines such as hydrologic engineering, geotechnical engineering, plant
specialists, and others. Plant establishment, however, integrates many aspects of the project.

Not only do the conditions need to be created to support growth of desired plant species, but also
the conditions need to be in place at the appropriate season for planting as well as within project
management time constraints. The process of wetland vegetation establishment plan
development can become very complicated if it is not approached systematically.

Thereisalogica sequence of decisions that must be made to effectively plan for wetland
vegetation establishment (Figure 6-1). Once the project goals, design criteria, and site assessment
have been completed, the site hydrology and soils can be investigated or planned. V egetation
establishment considerations should then be reviewed in light of the anticipated soils and
hydrology. In some cases, the targeted vegetation will have to be atered because the anticipated
hydrology or soil may not be compatible with that goal. The need for erosion control plantings
or seedings should be assessed. Planting decisions should be made by a plant specialist
coordinating with the site hydrologist, soil scientist and/or geotechnical engineer.

Thefirst consideration for wetland vegetation establishment is to determine during the site
assessment (see Chapter 2-5) whether the site will naturally colonize with desirable species or
planting will be required. For natural colonization to be viable, there must be sources of seeds or
vegetative propagules nearby that have access to the site (Anderson and Brown 1991; Reinartz
and Warne 1993). Seeds can be blown by the wind, carried by water, or transported by man or
animals (Brown et al. 1992). Wind dispersed species are likely to quickly colonize a site.
However, it must be recognized that many of the more obnoxious weeds are wind dispersed.
With heavier seeds, colonization may be slow, especialy if the siteisisolated. Fluvial siteswith
nearby donor wetlands will be quickly colonized via water transport. Plant fragments of some
aguatic species may be adequate to colonize asite. If the natural soilsare leftin placein a
restoration project, there may be an adequate seedbank and residual plantsto recolonize a
degraded site when conditions are improved. Sincethereislittle effort involved, natural
colonization is the least expensive method to establish vegetation. Successful natural

1 By Mary M. Davis
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Figure 6-1. Decision sequence for planning wetland vegetation restoration.

establishment of desirable species, however, depends on many factors specific to the site and
seeds (van der Valk 1987; Allen and Kennedy 1989), and consequently, is the most unreliable.

If planting will be necessary to establish the desired community or to accelerate the devel op-
ment of plant cover, species must be selected that will meet project objectives and be competitive
under the site conditions. The plants must be available in adequate supply and in good condition
during the planting time window. Plant material acquisition can be made through a commercial
nursery, contract grown, or collected from natural populations. There are trade-offsin cost, 1abor,
and quality of plant material in choosing among the plant material sources. Site preparations
must be made prior to arrival of the plant material onsite to minimize the time plants are out of

Page 6-2
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the ground. Timingisequally important if plants are established by seeding. Once acquired,
plants must be installed in the proper location using methods appropriate for the type of material
used. Maintenance of plants through control of nuisance species, erosion, and water level in
managed systems can be crucial to the survival and growth of the vegetation.

The body of the wetland vegetation establishment plan consists of a project description. This
may bein avariety of forms, such as maps, figures, and tables. With creation, it should include
information regarding the ground surface elevations, water levels, soil strata, and planting areas.
Some of thisinformation may not be necessary for restoration. Species of plants to be used,
placement, and planting techniques should be specified. Scheduling of plan implementation
should take into account seasonality of plant growth and water levels.

A monitoring program is an integral part of a successful vegetation establishment plan. Once
aplan isimplemented there are no guarantees that the project will be successful. Differences
between actual project construction and plan design can lead to poor plant survival and growth.
For example, if the site was evaluated during wet or dry years, water levels may not reach
designed levels, leaving plants too dry or too wet. A monitoring program that periodically and
systematically evaluates the health of the plantings, either quantitatively or qualitatively, aidsin
the detection of problems and in the devel opment of mid-course corrections, and in identifying
“mistakes’ to be avoided in future projects.

The following chaptersin this section and Section 7 discuss species selection (Chapter 6-4),

plant acquisition (Chapter 6-5), planting methods (Chapter 7-3), planting schedule (Chapter 7-4),
site preparation and maintenance (Chapter 7-5), and costs for revegetation (Chapter 6-6).
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6-2 Wetland Vegetation
Establishment Considerations?

Characteristics of Wetland Vegetation

Besides being the primary biomass producers, wetland plants are critical components of the
wetland ecosystem because they provide cover for breeding, refuge from predators, and resting
sites for aguatic (Poe et a. 1986, Rozas and Odum 1987) and many wildlife species (Roth 1976).
In addition, wetland plants contribute to other desirable wetland functions that have considerable
value for society (Table 6-1), such as sediment management (Lowrance et a. 1984) and nutrient
removal (Kitchens et al. 1975, Tilton and Kadlec 1979, Hammer 1992). Recreational and
landscape aesthetic values are improved by the successful management of wetland vegetation.

Wetland plants are commonly referred to as hydrophytes — “any plant growing in water or
on asubstrate that is periodically deficient in oxygen as aresult of excessive water content”
(Cowardin et al. 1979). Except for the strictly aguatic species, hydrophytes are tolerant of awide
range of alternating inundated and drained conditions (Tiner 1991, Bedinger 1978). These plants
must be able to maintain themselves under anaerobic conditions (Hook and Scholtens 1978,
Barclay and Crawford 1982) and regenerate in spite of periodic inundation or saturation
(Fredrickson and Taylor 1982, Huenneke and Sharitz 1986).

Flooding has three basic detrimental effects on plants: (1) oxygen diffusion to the root zone
isrestricted; (2) toxic by-products of respiration accumulate in the root zone; and (3) nutrient
availability in soilsis altered (Mitsch and Gosselink 1986). Wetland plants have anatomical,
morphological, and physiological adaptations that enable them to survive the stressful conditions
imposed by inundation (Hook and Scholtens 1978, Kozlowski 1984). Wetland plant adaptations
generally involve

e increasing oxygen transport to roots (e.g., hypertrophied lenticels, swollen
buttresses, aerenchyma)

» physiological mechanisms for tolerating anaerobic respiration (e.g., production of
less toxic end products such as malic acid) (McKee and Kelvin 1993)

1 By Mary M. Davis and LisaC. Gandy
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Table 6-1

Mechanisms by Which Vegetation Contributes to Wetland
Functional Capacity

WETLAND FUNCTION

MECHANISMS

Sediment Stabilization

Diffuse energy impinging on shorelines and soil surface
Anchor soil in root mass

Sediment/Toxicant
Retention

Increase sedimentation rates by providing resistance to current and
wave energies

Bury sediments and toxins under accumulated organic matter
Reduce metal solubility through chelation with organic matter

Nutrient Removal/
Transformation

Reduce metal solubilities in oxidized root zone
Provide colonization substrate for microfauna
Provide organic matter for decomposition
Uptake and retention

Carbon Production
Export

Produce organic matter

Aquatic and Wildlife
Diversity/Abundance

Provides structure for refuge, nesting, and colonization
Provides plant matter for herbivores
Provides organic matter for decomposers

Recreation

Improves aesthetics

March 2000

Improves aquatic and wildlife habitat quality
Improves water quality

Unigueness/Heritage Provides basis of ecosystem dynamics not found elsewhere
Provides peat as an energy source

Rice is a food staple for the majority of the world's population

For example, root systems of most woody plants that have devel oped under saturated
conditions are succulent and poorly branched (Hook and Scholtens 1978). Asaresult of low
oxygen conditions, the roots and stems of many different types of wetland plants develop
aerenchyma (air spaces) either through cellular breakdown or separation. A honeycomb-like
structure results with thin cellular partitions between the pockets of aerenchyma. The thickness
of the partitions does not limit gas diffusion, and oxygen is able to diffuse from the aerial
segment of the plant to the roots. Aerobic respiration in the roots continues, and the plant avoids
low energy supplies and toxic end products of anaerobic respiration. In addition, oxygen from
the aerated roots diffuses from the roots into the soil atmosphere. This benefits the plants by
oxidizing reduced compounds such as ferrous and manganous ions, which are abundant in
flooded soils and are toxic to roots (Kozlowski 1984).

Plants in a functioning ecosystem must be able to regenerate. In many wetland systems,
wetland plants regenerate by seed during periods of exposure long enough to allow germination
and establishment of the seedling (van der Valk and Davis 1978, Huenneke and Sharitz 1986). In
others, exposure and subsequent re-wetting of the seed will key dormancy release. A wet-cold
period may also be part of dormancy release. Continued survival and growth of the seedling
depends on the ability to tolerate total submergence or for the plant to grow tall enough for
leaves to extend above the water surface (Weisner et al. 1993). Putnam (1952) demonstrated that
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dormant tree seedlings were generally more tolerant of submergence than actively growing
seedlings.

Primary Limiting Conditions for
Establishment of Wetland Vegetation

Development of wetland vegetation communities involves processes and mechanisms that
interact with and can be limited by many physical, chemical, and biological factors (Figure 6-2).
The result of these limitations is that each plant speciesis capable of growing under a
characteristic range of environmental conditions that the species can tolerate. Successful
establishment of plantsin wetland restoration and establishment projects depends on an
understanding of whether site conditions are within the species tolerance range and how target
species will interact with project site conditions and with each other. Not only must the plants be
tolerant of the anticipated environmental conditions, they must be competitive under those
conditions and within the species mix. The following are important considerations for
establishing vegetation in wetland restoration and establishment projects.

Water
Three general aspects of the hydrological conditions and hydraulics of awetland site affect

the type and success of vegetation establishment. Hydrologic regime, water quality, and wave
and current energies are all important determinants of wetland plant distributions.

Hydrologic Regime

The depth, duration, timing, and flow of water primarily determine the availability of oxygen
and the consequent biogeochemical processes described above. The longer and deeper an areais
inundated, the longer and more intensely the site is likely to be anaerobic (Hook and Scholtens
1978). Plant productivity rates in wetlands with flowing water are generally greater than in
stagnant water primarily because of increased oxygen exchange across the surface of moving
water (Mitsch and Ewel 1979). Moreover, inundation during the growing season when oxygen
demand is greatest further limits the establishment and growth of emergent and woody plants.

Natural hydrologic regimes vary widely with region of the country and hydrogeomorphic
setting of wetlands. Short- and long-term variations in water levels determine the period of
exposure of wetland soils. This has adirect effect on al aspects of plant community development
(Figure 6-2), including seed banks, vegetative propagules, germination and establishment of
plants, competition for limiting resources, growth, and reproduction. Acknowledgment that the
hydrologic regime will vary is critical because of the large influence this variation will havein
the development of wetland plant communities.
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Figure 6-2. Processes, mechanisms, and interactions affecting wetland vegetation. Vegetation
tends to evolve in a cyclic pattern where plant community development goes through
processes towards a hatural state of population and community dynamics. That dynamic may

be characterized by constant change or a relatively steady state. Natural and man-induced
disturbances, however, can alter the development process at many points in the cycle (after

Niering 1987).
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Figure 6-3. The importance of seed banks in prairie marshes as illustrated by van der Valk and
Davis (1978).

In flooded emergent wetlands, fluctuations in water level are necessary to maintain wetland
seed bank and floristic diversity. van der Valk (1981) describes the presence or absence of
standing water as an environmental sieve that determines the recruitment or extirpation of
species in wetland seed banks. The importance of seed banks in wetland community dynamics
has been illustrated by van der Vak and Davis (1978) for prairie marshes (Figure 6-3). During
droughts, water levels drop so that mud flat annuals (annual species with long-lived seeds) and
perennial emergent species are recruited to the seed bank. With normal rainfall, deep standing
water eliminates mud flat species, stops germination of emergent species, and triggers
germination of submersed and floating species. If periods of high water continue or the water
deepens further, intolerant emergent species decline. The degenerating marsh and lake marsh
have abundant submersed and free-floating plants. Intense herbivory pressure will cause the
development of alake marsh. At each stage the seed bank contributes to the vegetation and, in
turn, the vegetation contributes to renewal of the seed bank. Thus, in prairie marshes, at least in
sites where drawdowns occur, the seed bank contains elements of each stage of the vegetative
cycle. As drawdown duration and frequency increase, the chance for interactions with other
plants increase as species richness and abundance increase (Leck 1989). Asthe potential for
interactions increase, the similarities between the seed bank and standing vegetation decrease as
well as the predictability of successful recruitment.

Complexitiesin relationships between species composition in the seed bank and standing

vegetation increase with drawdown duration and frequency. In contrast to prairie marshes, the
seed bank of afreshwater tidal wetland does not contain seeds of different successional stages.
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The seed banks in these types of wetlands resemble the surface vegetation. This type of wetland
isinundated daily and is not affected by drought; although changes in water level would direct
vegetation change, such changes would not be cyclic. The importance of a speciesin freshwater
tidal wetlands fluctuates in both the seed bank and in the vegetation over time (Leck and
Simpson 1987, Leck 1989).

Seed banks have little influence on wetland plant community dynamicsin permanently
inundated areas and mature forested systems. Even in these areas, herbaceous species dominate
wetland seed banks. Grasses and grasslike species usually comprise more than 50 percent of the
seed bank, while woody species are not common even in swamps (Leck 1989). Lack of woody
species may be related to high predation and decompoasition rates, to delayed and variable
reproduction rates (Harper 1977), or perhapsto alack of dependancy on long-lived seeds by
long-lived species (Leck 1989). Davis (1990) showed that the regeneration processes of many
wetland tree species are dominated by vegetative regeneration, particularly under continuously
inundated conditions. In wetlands with deep or stable water levels, seed banks may play little or
no role in the recruitment of emergents (van der Valk and Pederson 1989, Wilson et al. 1993).

The success of seedling establishment is related to the timing, duration, and the depth of
flooding. For example, studies in forested wetlands have shown that water oak (Quercus nigra)
seedlings and saplings would not become established in areas where flooding was frequent and
persisted for five (5) or more days. Seedlings of sycamore (Platanus occidentalis), red maple
(Acer rubrum), shumard oak (Q. shumardii), sweetgum (Liquidambar styraciflua), hackberry
(Cdltis occidentalis), and cherry-bark oak (Q. falcata var. pagodaefolia) die if subjected to more
than 20 days of complete submersion (Whitlow and Harris 1979). In comparison, if these same
species are subject to water level depths up to the root collar, survival is significantly higher and
reaches ailmost 100 percent. Survival of other species such as buttonbush (Cephalanthus
occidentalis) and black willow (Salix nigra) during flood conditions was dependent on whether
they were completely or partially submerged (Whitlow and Harris 1979). Permanent standing
water (inundation, ponding) without seasonal drawdown inhibits the establishment of vegetation
on awetland project site. Sites where water is ponded year round may require some initial
hydrological manipulation to allow vegetation to become established at the site (Southern Tier
Consulting 1987).

Tolerance of seedlingsto inundation is size related. Seeds that are exposed and germinate
early in the growing season produce relatively larger seedlings than those that germinate after
exposure in the late growing season. Weisner and Ekstam (1993) showed that the rate of
emergence, height, survival, and reproduction of Phragmites australis was directly related to the
size of the seedlings when submerged the previous spring. Similar results were found for alkali
bulrush (Scirpus maritimus) and hardstem bulrush (S. lacustris) in moist-soil management
experiments (Merendino and Smith 1991). Season of inundation, therefore, affects survival of
inundated plants by limiting the effective length of the growing season.

Flood-tolerance of many established wetland tree speciesis also sizerelated. Hall and Smith
(1955) showed in an impounded lake in Tennessee that, with the exception of willow, the flood-
duration tolerance of trees greater than 1 cm. in diameter at breast height was greater than the
seedlings of most species. Harms et al. (1980) monitored mortality of floodplain forest treesin
Florida that were permanently inundated up to about 1 m depth following impoundment of the
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Figure 6-4. Example characteristic zones of wetland plants forming bands or concentric rings
(from Fine Gardening, No. 20, July-August 1991).

river. Mortality of all tree species increased with depth of inundation, but mortality of smaller
trees was greater than large trees for some species. For example, small trees (2 cm DBH) of
Carolinaash (Fraxinus caroliniana) and swamp tupelo (Nyssa sylvatica var. biflora) had higher
mortality rates than large trees (40 cm DBH). Mortality of red maple (Acer rubrum) and bald
cypress (Taxodium distichum) following inundation, however, was not size related.

Despite the constraints on plant growth and survival, wetlands are among the most
productive ecosystems in the world, as productive as estuaries and algal beds (Whittack and
Likens 1973). Productivity is closely tied with the hydrologic regime. Of forested wetlands,
flowing water swamps have greater net biomass production than either sluggish flow or stillwater
swamps (Mitsch and Gosselink 1986). Riverine swamps with intermittent exposure and flowing
water are most productive because of good root aeration during periods of exposure, elimination
of flood-intolerant species by inundation, and continual supply of nutrients (Mitsch and Ewel
1979).

As a consequence of the limitations on vegetation development, hydrologic regimeisa
primary factor in determining the distribution of wetland plant species. Thisisacommonly
observed phenomenon in marshes (Squires and van der Valk 1992) and lake fringe wetlands
(Weisner 1991) where characteristic zones of plants change with depth of inundation, forming
bands or concentric rings (Figure 6-4). Floodplain forests have mosaics of communities that are
distributed along elevation gradients that correspond with duration and frequency of inundation
(Figure 6-5) (Bedinger 1978, Fredrickson 1978).
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Figure 6-5. Floodplain forest communities distributed along elevation gradients that
correspond with duration and frequency of inundation.
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Water Quality

Water quality (e.g., nutrient concentrations, pH, salinity, turbidity, hardness, heavy metals,
and other toxic constituents) influences the type of plant species that can survive within a
wetland and hence the establishment of vegetation at awetland project site. The water quality
will be reflected in the soils. Salinity and pH are probably the two most important water quality
parameters relative to emergent wetland plant species distributions. Salinity, which isthe
concentration of total soluble salts in the water column, determines the osmotic gradient that the
plant must tolerate. Halophytes are plants tolerant of saline conditions and are commonly found
in salt marshes, estuaries, and other saline environments. Plants typically found in freshwater
marshes, however, are very susceptible to exposure to saline water. Increased cypress and palm
tree mortality along the Gulf Coast, for example, has been attributed to exposure to salt water
intrusions (Conner and Askew 1992 and Williams') that probably results from a combination of
land subsidence, sealeve rise, and drought. The pH affects the availability of both plant
nutrients (Figure 6-6) and toxins. Extreme pH levels damage plant membranes, which becomes a
major limiting factor in restoration with acidic runoff from coal mines. Although many wetland
plant species have wide pH tolerance ranges, characteristic associations of plant species differ
between acidic wetlands, such as cypress domes and bogs, and less acidic wetlands.

Submerged aquatic vegetation is sensitive to several water quality parameters. The
distributions of many submerged aquatic macrophytes are related to turbidity, total alkalinity,
pH, dissolved organic matter, total nitrates and nitrites, and phosphorus (Pip 1979, 1988).
Turbidity is ameasure of the total suspended solids, dissolved matter, and color within the water
column and is avery important factor in freshwater systems. In these systems, the transmission
of light is decreased by turbidity which in turn decreases photosynthesis and survival of plants at
deeper water depths. 1n addition, suspended solids that settle on submerged plant surfaces block
light and gas exchange for photosynthesis (K orschegen and Green 1988). Turbidity values are
likely to increase during the first few years following wetland creation as the amount of
suspended organicsin the water column increases. Concentrations of toxic constituents, such as
metals, herbicides, pesticides, and organics, at concentrations above certain threshold levels can
affect physiological processesin seeds, seed viability, and germination.

Energy

The physical action of currents and waves may preclude seedlings from becoming rooted in
wetlands being restored within exposed coastal, riparian, and fringe areas. Even though the seed
may be viable, seedlings cannot become established under energy conditions sufficient to move
seeds and soils. Movement of seeds as they are germinating prevents roots from reaching and
penetrating soils. Rates of successful seed germination and survival are reduced when deposition
of sediments buries seeds and erosion washes seeds away. Currents, however, can be an
important mechanism of seed dispersal in wetlands. If shoreline topography and water levels are
appropriate, seeds brought by currents to awetland can naturally colonize the site (Wein et al.
1994).

Currents and waves damage established submergent and emergent plant species and can
erode soils away from plant roots. The plants are stressed by loss of leaves and stem breakage,

1 Personal Communication. Kimberly Williams, University of Florida
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Figure 6-6. Effect of water pH on the availability of nutrients to plants.

and recovery of healthy plantsislimited by continued exposure to high energy. Floating leaved
species are particularly vulnerable, because they are often carried by waves and currents and can
only become established in calm and sheltered environments (Kadlec and Wentz 1974). The
scouring action of high flows and currents in riverine systems can displace and remove well
established vegetation. Moving ice grinds, plows through, or overruns any vegetation in its path
(Kadlec and Wentz 1974). With coastal shoreline restoration, the fetch distance and the
shoreline geometry are among the most important factors in determining whether the site will be
stable in the expected wave energies. Guidelines for determining the feasibility of utilizing salt
marsh plantings of Spartina alterniflora in shoreline stabilization can be found in Knutson and
Innskeep (1982), Knutson and Woodhouse (1983) and Sharp et a. (undated).
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Substrate

Wetland substrates provide moisture and nutrients for vegetation as well as structural support
to anchor the plantsin place. Overall substrate characteristics such as texture, structure, density,
compaction, fertility, salinity, pH, and permeability influence vegetation establishment by
influencing rooting volume and water and nutrient availability. Appropriate substrate conditions
are acritical precondition for successful vegetation establishment at asite. A discussion of
substrate characteristics that impact vegetation establishment is provided in the following
sections and in Section 4.

Compacted Soils and Soil Pans

Excessively hard substrates are thought to be one of the chief causes of failure of
establishment of natural or planted marsh and aquatic vegetation (Kadlec and Wentz 1974).
Compacted soils or the presence of hardened soil pans:

inhibit or limit root penetration

inhibit the exchange of gasesinto the atmosphere produced by root respiration
inhibit fresh oxygen from entering the soil

dlow infiltration of water into the soil

allow surface erosion to increase

agkrwdpE

Notable reductions in vegetative growth will occur as aresult of reduced rooting volumein
compacted soils (Environmental Laboratory 1986). Reduced infiltration rates through plow pans
in old agricultural fields of the Mississippi Deltaresult in long periods of standing water.
Mortality rates are high for tree seedlings planted in these fields, particularly when high water
temperatures exacerbate the stress caused by standing water.*

Soil Fertility

Fertility is the ability of asoil to supply the nutrients essential to plant growth and directly
affects plant growth and establishment at any site. Soail fertility isrelated to texture, pH, organic
matter content, and past land use. For example, sandy soilsin general have lower fertility status
than finer textured soils that have weatherable minerals (Environmental Laboratory 1986).
Organic matter has a high cation exchange capacity (CEC) that effectively binds and retains
many plant nutrients such as phosphorus that would otherwise be lost from the system. In addi-
tion, organic matter contributes to increased friability and nutrient availability as it decays over
time. Soils containing toxins or contaminants from past land use will limit vegetation establish-
ment on asite if the concentrations of the available constituent is above a threshold level that
causes atoxic response. Toxic chemicals may include fertilizers, pesticides, and heavy metals.

Infertile soils such as the subsoils exposed during grading for wetland restoration and
establishment projects may initially support plant establishment and growth when fertilized, but
the effects may not last if the soil does not retain the nutrients. Plants may grow until fertilizer

1 Persona Communication. R. Haynes, U.S. Fish and Wildlife Service.
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effects are lost and then languish or die. In such cases, soil treatments such as application of
topsoil can enhance revegetation success and promote establishment of a persistent vegetative
cover (Claassen and Zasoski 1993, but see Garbisch 1986). Reapplication of topsoil to
subsurface materials enhances the re-establishment of vegetation by increasing nutrient
availability, water-holding capacity, and microbial activity (Hargis and Redente 1984).

In contrast, soils of too high fertility can adversely affect the plant species composition of a
target community in wetland restoration and establishment projects. Thereis an inverse
relationship between fertility and species richness; more fertile sites support fewer species
(Grime 1979, Grubb 1977). The mechanism seems to be that some plant species are capable of
utilizing excess nutrients, primarily nitrogen, and thereby increase growth rates. Most native
species, however, are adapted to low nutrient conditions and are less capabl e of responding to
fertilization. In arestoration or establishment project, plants representative of relatively low
nutrient wetlands that are placed in high nutrient soils do not all respond equally and grow bigger
faster. The species capable of responding to fertilization, often considered weeds or undesirable
species, grow faster than the other species. Available space and soil water, which now become
limiting resources, are completely utilized by the faster growing species, and the smaller, slow-
growing species are out-competed. What was intended to become a species rich and diverse
community because of seeding and planting efforts becomes dominated by afew species, which
are usually grasses. The project objectives are not met. This has been a problem during attempts
to establish and maintain many semi-natural plant communities on agricultural lands with
excessive fertilizer residues.

Soil Salinity

Soluble salts often present a problem in vegetation establishment, growth, and survival in
arid western regions (Environmental Laboratory 1986) and are a critical factor in coastal and
estuarine systems. High rates of evaporation can increase soil salinity in arid regions due to
previous practices such as fertilization and pesticide application. Accumulated salts may limit
vegetation establishment on a site at least temporarily until the salt is leached from the soil or
may restrict vegetation establishment to salt-tolerant species such as saltgrass, alkali cordgrass,
prairie cordgrass, and Atriplex (Environmental Laboratory 1986). Neill (1993) found that spring
flooding or irrigation reduced soil salinity in northern prairie marshes and resulted in increased
plant productivity in comparison with nonflooded marshes. His results suggested two
mechanisms by which spring flooding controlled soil salinity. Flooding decreased soil salinity
during the spring and buffered surface soils against large increases of soil salinity after mid-
summer water levels declined. Soluble salts should also be monitored in projects that have the
potential for exposure of acid-producing soils. The presence, but not the identity of these acids,
will be detected as part of standard agricultural testing for soluble salts.

Soil pH

Theratio of acidity to alkalinity in the soil is expressed as soil pH. Soil pH isakey factor in
the availability of many mineral elementsto plants (Figure 6-6). While a neutral pH is optimum
for the major plant nutrients, several of the minor nutrients are more available at alower pH.
Generdly, adightly acidic or neutral soil pH is satisfactory for most plants and will not create
nutrient deficiencies or plant toxicities (Environmental Laboratory 1986).
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Soil Texture

Sail texture isthat soil property describing the proportions of different size particles. The
direct effect of soil particle size on plant establishment is of a mechanical nature in that plant
roots may be restricted or prevented from penetration as aresult of fine soil texture. For
example, finely textured clay soilstend to be more restrictive to plant root penetration than more
coarse loamy or sandy soils. Soilswith more than 30 percent volume of rock or other large
objects reduce root penetration. Soil texture also affects plant establishment through its
influence on soil aeration (Table 6-2). Large soil particles help maintain pores through which
gases can exchange with the atmosphere.

In addition, soils containing high percentages of montmorillonite clay have high potential for
shrinking and swelling. These soils crack as they dry allowing air into the soils and desiccation
of exposed roots. This has become a problem, for example, in planting oak seedlingsin
bottomland hardwood restoration projectsin the Mississippi Delta. These soils have high clay
content and shrink-swell capacities. Tree seedlings are economically planted with atractor and
plow apparatus that dlits the soil, places the seedling in the dslit and then closes the dlit around the
seedling. Asthe soil dries around tree seedlings planted in this manner in the Mississippi Delta,
it can shrink away from and expose the seedling roots.*

Table 6-2
Soil Texture Influence on Permeability and Water Holding Capacity
Texture Class Infiltration Rate® Available Approx. Air
Water Capacity at
Structure Strength (% volume) Saturation®
Weak Strong (% volume)
Sand rapid 0.02-0.13 10
Loamy sand rapid 0.15-0.23 15
Sandy loam rapid to moderate 0.22-0.30 15
Loam moderate 0.19-0.30 6-12
Sandy clay loam moderate 0.21-0.23
Sandy clay slow moderate 0.21-0.23
Clay loam slow moderate 0.30-0.37 5
Clay slow slow 0.16 <1
Silt loam moderate 0.30-0.50
Silty clay loam slow moderate 0.13-0.50
Silty clay slow 0.13-0.28
Silt 0.26
AInfiltration rate is categorized as: Rapid-> 7.5 cm/hr, Moderate- 0.5-7.5 cm/hr, Slow-< 0.5 cm/hr
"Taken from Oosting 1956.

1 Personal Communication. Harvey Kennedy, U.S. Forest Service.
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This leaves the seedling to desiccate and die. Sand and silt, in contrast, do not crack to such a
detrimental extent.

Sail texture also affects plant establishment and growth through its influence on permeability
and water holding capacity (Table 6-2). Water infiltrates more rapidly through the large poresin
coarse soils then fine texture soils. Thereis, however, more water available for plant growth in
moderately fine textured soils, loams, and clay loams than in coarse textured soils such as sand
(Table 6-2) (USDA Forest Service 1989).

Soil Structure

Sail structure is defined as the arrangement of soil particles as aresult of soil particles
bonding into structural units. There are six recognized soil structure shapes (Figure 6-7). When
soil structure isweak or has been destroyed, plant growth and establishment becomes restricted
and infiltration rates are reduced (Table 6-2). Soil structure can be lost through disturbances such
asremoval of native vegetation, passage of an implement through or over a soil, intensive
trampling by animals, off-road vehicles or people, all of which result in soil compaction. Natural
physical processes, such as ice formation, freezing/thawing, shrinking/swelling, and frost
heaving that change the physical structure of soils and affect the establishment and survival of
plants onsite.

SINGLE GRAIN

MODERATE SLOW

PRISMATIC

MODERATE

Figure 6-7. Recognized soils structure shapes.

Section 6-2 Wetland Vegetation Establishment Considerations Page 6-17



Wetlands Engineering Handbook March 2000

Soil Density

Sail density varies depending on the texture of the soil, the compaction of the soil, and on
how much organic matter is present. In general, sands will have a higher bulk density than clays.
Siltsare intermediate. Changesin soil density influence root penetration. For example, roots
penetrate most rapidly and easily into soil that is composed of 1oose granular materials. Organic
matter interspersed with mineral soil particles lowers soil density by limiting settling and
maintenance of pore spaces between particles.

Soil Moisture

Soil moisture content and water retention are important physical properties to maintaining
seedling germination, survival, and growth. Viable seeds of wetland plants readily germinate in
moist habitats when favorable conditions occur, that is, usually when moistureis at or dlightly
below field capacity (Fredrickson and Taylor 1982). Soil moistureis directly influenced by soil
characteristics such as texture, permeability, infiltration, elevation, precipitation, and
evaporation. Figure 6-8 shows the ranges of soil water retention for sandy loam and silt loam
soils. Silt loam soils contain more available water because of their finer texture whereas sandy
soils hold less available water due to less surface area and larger pore spaces (Environmental
Laboratory 1986).

Topography

Site topography, including elevation, slope steepness, aspect, landscape position, and overall
terrain, can be an important physical limitation to the establishment of vegetation at asite. These
elements can directly affect vegetation establishment and indirectly affect the development of
soil structure and soil moisture.

Elevation

Generaly, elevation relative to sealevel isaminor factor in vegetation establishment;
however, in some wetland types, such asin tidal landscapes (Lewis 1982) and forested
bottomland hardwoods (Bedinger 1978, Fredrickson 1978), slight and almost indiscernible
changesin elevation exert a profound influence on the species that can be established in these
communities. Sharp elevational changes can be abarrier to species dispersal and establishment
onto a site; however, the extent to which elevation hinders dispersal of propagulesto asiteis
dependent on species dispersal mechanisms. Elevation also plays an indirect role in vegetation
establishment in itsinfluence on and relationship to climate, site runoff, and soil drainage.

Slope Gradient

The slope gradient is defined as the inclination of the soil surface from the horizontal. Slope
gradient isimportant because it influences the rate at which surface and internal water will flow.
The potential for soil erosion increases as the slope gradient increases, which directly and
indirectly affects vegetation establishment and maintenance of vegetation on a site.
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Figure 6-8. Ranges of soil water retention for sandy loam and silt loam soils.

Plant establishment and growth requires stable substrates for anchoring root systems and
preserving propagules such as seeds and plant fragments, and slopeis a primary factor in
determining substrate stability. Establishing plants directly on or below eroding slopesis not
possible for most species, and any such plantings must be considered high-risk. In such
instances, plant species capable of rapid spread and anchoring soils should be selected or
bi oengineering technigues should be used to aid the establishment of a plant cover
(Environmental Laboratory 1986).

Ground surface slope interacts with the site hydrology to determine water depths for specific
areas within the site. Depth and duration of inundation are principal factorsin the zonation of
wetland plant species. A given change in water levels will expose arelatively small areaon a
steep slope in comparison with a much larger area exposed on a gradual or flat slope. Narrow
planting zones will be delineated on steep slopes for species tolerant of specific hydrologic
conditions, whereas gradual slopes enable the use of wider planting zones.

In addition, soils on steep slopes generally drain more rapidly than those on gradual slopes.
This means that soils remain saturated longer on gradual slopes with falling water levels, and
roots remain in anoxic conditions even after aerial plant parts are exposed. If soilson gradual
slopes are classified as poorly drained, care should be taken that plant species are selected for
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planting that are tolerant of saturation for longer periods of time than would be determined from
surface water levels alone.

Slope Shape

Slopes can be concave, convex or linear in shape. Each of these shapes has benefits and
limitations to the establishment of vegetation. Concave slopes, saucer-shaped depressions, are
generally moist and are sheltered from the wind which may be beneficial to the trapping of
propagul es from adjacent sources, to the protection of seedlings and young plants from wind,
evapotranspiration, and loss of soil moisture. Concave slopes, however, can be detrimental to the
establishment and growth of vegetation, particularly in cold climates, because cold air settlesinto
these pockets and they tend to be frost pockets (Environmental Laboratory 1986). Sedimentation
also occursin concave slopes which can bury vegetation and propagul es that have been dispersed
to the site. Convex slopes, slopes that are inverted saucer-shaped, are exposed to high winds
which may cause desiccation of young seedlings and young plants and drying out of the soils.
Also wind and water erosion also take place at these sites. Linear-shaped slopes are slopes with
alevel plain. Depending on the soil texture, these shaped slopes will influence soil moisture.

For example, sandy linear-shaped slopes tend to be droughty, whereas fine-textured soils may
have restricted internal soil drainage. In either case, these slopes in combination with soil texture
may influence soil moisture and plant establishment and growth (Environmental Laboratory
1986).

Aspect/Orientation

Slope orientation with respect to sun, shade, and wind is also another factor or characteristic
that can influence vegetation establishment, growth, and survival. In some regions of the U.S,,
this factor has a significant effect on the quality of site for the establishment of forested
wetlands. In northern latitudes, southerly exposed slopes are generally warmer and drier and the
vegetation exhibits summer moisture stress during the late summer months compared to northerly
exposed slopes. In contrast, vegetative growth and budding of vegetation is delayed on north
facing slopes. Frequently, there is a sharp contrast in the species mix between north and south
facing slopes. In the Northern Appalachians, oak dominates many southern exposures with
mapl e dominating north facing slopes.

Landscape Position

Landscape position refers to the spatial location of a site or a site component relative to other
sites or site components within its geographic setting. The landscape position of awetland
restoration site directly influences site hydrology, soil conditions, and climatic factors, all of
which affect vegetation establishment at asite. For example, the landscape position of a soil will
influence its depth, texture, structure, and internal and external soil drainage. If asiteislocated
in the upper portions of awatershed and does not receive water or runoff from other areas within
the watershed, then the site conditions and climatic factors most likely will exert the controlling
influences on the establishment of vegetation at that site. Alternatively, if its position in the
watershed is such that it receives surface runoff or groundwater from upstream or up-gradient
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areas, activities or conditions at those upstream/up-gradient sites can directly affect vegetation
establishment at the site. For example, agricultural runoff often carries heavy silt, nutrient, and
chemical loads. Heavy siltation isamajor cause of vegetation mortality in lowland forests
because aeration to root systemsis reduced (Fredrickson 1978; Reid et al. 1989). Therefore, a
site positioned in a watershed where it may receive agricultural runoff from numerous upstream
sources may be subject to sedimentation and degraded water quality. Similarly, vegetation
establishment may be directly affected by runoff, groundwater, or sediments from municipal
sewage/wastewater treatment facilities, dairy or confined animal farms, mining areas, smelters,
timber stands, and industrial facilities such as oil refining, pesticide and fertilizer, landfill, wood
treating, and other facilities. These characteristicsin turn will have an impact on the species that
can become established on a site and hence on the overall species compoasition of the site
(Environmental Laboratory 1986).

Topography

Site topography affects maintenance of plant species diversity. Small irregularitiesin the
ground surface (e.g., hummocks, depressions, logs, etc.) are common in natural systems. More
species are found in wetlands with many micro-topographic features than in wetlands without
such features. Raised sites are particularly important because they allow plants to escape
inundation that would otherwise die while flooded.

A second topographic feature that promotes increased species diversity in littoral wetlandsis
aconvoluted shoreline. Littoral drift along a straight shoreline carries seeds and plant fragments
along with sediments, with little opportunity for the propagules to be captured and become
established. Concave portions of shorelines trap sediments and propagul es enabling the natural
establishment and growth of more species and protection from erosive wave and current energy.

Competition

Competition is an interaction between two or more organisms that utilize a common resource
in short supply that results in mutually adverse effects to the organisms (Barbour et al. 1980).
Competition can occur between individuals of the same species or between individuals of
different species. Plants compete for sunlight, water, nutrients, and space. For example, tall
plants often out-compete short plantsin their shade, deep-rooted plants obtain water from depths
greater than shallow-rooted species can access, and fine-rooted species access a greater volume
of soil and more plant nutrients than more coarsely rooted species. In al of these cases the plant
that is most successful in obtaining the resource is the plant that will most likely survive.
Competition is an important mechanism regulating a plant's ability to survive in a particular
location, and isa primary limiting factor in successful plant establishment in wetland restoration
and establishment projects.

Competition may arise from several sourcesin wetland projects. Existing vegetation can
effectively out-compete newly planted target species. Established vegetation in arelatively
mature ecosystem is resistant to invading species because it is utilizing resources to the extent
that new vegetation has difficulty accessing adequate resources for survival. For most projects,
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the seed bank and seed rain will have avery strong influence on community devel opment.
Especialy where the soil has been turned, competition may occur between aggressive and fast-
growing species that are present in the seed bank, such as cattail, willow and wet-tolerant annual
grasses, and the planted or seeded materials. Such “aggressive’ species can rapidly dominate
resource acquisition to the detriment of the target species. Competition from indigenous
populations can be a significant factor in vegetation establishment because indigenous
populations are often readily adapted to a site and out-compete planted species, particularly plant
material from distant sources.

Overal, competition between individuals planted in an area can affect the establishment of
vegetation at asite and ultimately result in a change in species composition of the site.
Evaluating the potential effects of competition on vegetation establishment can be very difficult,
unless obvious aggressive species are present and potential problems. In the latter case, site
preparation and maintenance will be necessary to reduce the area influenced by these species.

Allelopathy

Allelopathy isthe direct or indirect harmful or beneficial effect of one plant on another
through the production of chemical compounds that are released to the environment
(Environmental Laboratory 1986). These chemicals often have inhibitory effects on the
establishment or growth of other plant speciesin itslocal area; however, the effect is dependent
on the chemical compound being released into the environment. A number of inhibiting
chemicals have been found including organic acids, terpenoids, steroids, luctones, guinones,
phenolic compounds and other compounds such as tannins, akaloids, and flavinoids. These
chemicals are released from the plant by volatilization, leaching, exudation from the roots, or
decomposition of plant roots (Environmental Laboratory 1986). Allelopathic effects are
somewhat difficult to distinguish from other inhibitory effects such as the buildup of litter and
shading.

Exotic Species

Exotic species are species that have been introduced from other areas. Because of the
elimination of natural mechanisms that keep these species under control, exotic species often
become nuisance species and become quite difficult to control, especially when they reach the
seed producing stage. For example, water hyacinth has become a major nuisance speciesin
wetlands and waterways in the Southeast. Purple loosestrife (Lythrum salicaria) is a hardy,
eurasian perennia that is widely distributed on numerous wetlands throughout North America,
particularly in the northeast. The dense growth of these species chokes wetlands, prevents other
species from becoming established, and reduces the wetland values for wildlife. Canary reed
grass (Phalaris arundinacea) is native to segments of North America, but is an example of a
native species that is expanding in range and is now considered an undesirable, aggressive
species in some areas, particularly in the northwest.
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Disturbances

Diseases and Insects

Diseases are disorders of plants caused by fungi, bacteria, and viruses. Some diseases affect
newly germinated seedlings while others weaken the mature plant and affect its continued growth
and survival. Others completely kill plants. Some diseases persist while others are influenced by
climatic factors and disappear with achangein the climate. In regions of high humidity, such as
the Southern region, incidence of disease is higher and may be an important limiting factor in
vegetation establishment on wetland restoration/creation sites. Incidence of diseases will be
lower in regions of low humidity and dry weather (Environmental Laboratory 1986). Itis
important to note, however, that diseases are often secondary stresses induced by a previous
environmental stress (e.g., unfavorable light, high humidity, etc.).

More than 850,000 insect species are known throughout the world. Insects have the
capability to affect vegetation establishment through the decimation of young seedlings,
weakening of saplings or mature trees, and defoliation of vegetation.

Herbivory

The ability of vegetation to become established at a wetland restoration site depends on the
number of propagules at the site, the condition of the propagules, and the growth of the plants at
the site. Herbivores can directly affect all of these aspects. Herbivores can reduce the number of
propagules at a site by consuming large numbers of seeds and vegetative propagules, by
damaging seeds so that seed mortality occurs, and by destroying newly established, tender
vegetation. Rodents, such as mice, rabbit, muskrat, beaver, nutria, squirrels, raccoons, etc., can
affect successful vegetation establishment at asite. Seed tests in bottomland hardwood forest
restoration projectsin Stoneville, MS were unsuccessful when the restoration was completed
under full canopy. However, when small clearings were made in the forested areas, or when
seeding was conducted in open agricultural fields, restoration by seeding was far more
successful than under full canopy (Johnson and Krinard 1985). The successin the latter trial
was attributed to less herbivory by rodents.

Climate/Microclimate

Climate is defined as the prevailing regional temperature, precipitation, wind and other
environmental factors. Examples of climatic factors that influence vegetation establishment are:

® temperature ® shade ® precipitation
® wind ® frost ® humidity
® drought ® solar radiation ® photoperiod
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Changes in these climatic factors occur both spatialy and temporally. Temporal changes
occur on adaily and seasonal basis; spatial changes occur with changesin latitude and elevation.
Figure 6-9 illustrates the climatic regions or major plant growth regions of North America.
Establishment of vegetation at a site may be restricted by climatic extremes, for example, either
too much or too little rainfall, and the duration and frequency of conditions. For example, if the
number of consecutive days of freezing temperatures exceeds species tolerances, establishment
and survival of those species at asite will be affected. The frequency, duration, and severity of a
drought during the growing season may affect germination, growth, survival, and reproduction of
plants. For example, in forested wetlands, extended drought periods during the growing season
lower seedling establishment compared to establishment during periods of normal rainfall. Most
established oak seedlings will survive at least six to eight rainless weeks during the growing
season (Johnson and Krinard 1985). Severe climatic conditions may preclude natural
revegetation of an area or the survival of transplants without the implementation of proper
controls.

Not only are there regional differences in temperature, moisture, photoperiod, and other
climatic factors, but also local horizontal and vertical differencesin these factors exist in the
immediate area of wetland plants on the surface of the ground or in and beneath vegetation.
These immediate differences in environmental conditions are termed microclimate and are often
afunction of both biotic and abiotic conditions of the immediate environment. For example,
plant height and density influence air movement within and around plants and may change over a
short distance. Microclimate variations in temperature, precipitation, humidity, light, shade, wind
or air movements, and other environmental factors are influenced by slope, soils, and vegetation
of theimmediate area. Therefore, the establishment of plant species and species composition at
any siteis greatly influenced by the climate and the microclimate of the area.

Previous Site Activities and Operations

A knowledge of previous operations and activities at a site chosen for restoration is critical in
identifying potential factors that can affect vegetation establishment at a site. For example, use of
agricultural fields for moist soil management or as wetland restoration sites for forested wetlands
requires the consideration of herbicide and pesticide residues in the soil and overall soil
condition. In abottomland hardwood restoration project in the South, less than 5 percent of
sown acorns produced seedlings in two old fields where milo had grown the year before. The
authors suspected that a chemical used for weed control may have killed the germinating seeds,
especialy because the leaves of the new seedlings that did appear were chlorotic (Johnson and
Krinard 1985).

Similarly, sites that may have had previous industrial uses, municipal uses, or other uses may
include heavy metals, mineral salts, organic compounds, municipal sewage, or other
contaminants that can prevent seedling germination, growth, and vegetation establishment.

Previous operations at a site may a so include heavy equipment operation, plowing or soil
aeration, etc. If practices have been undertaken that result in soil disturbance, the soil may be
compacted which inhibits root penetration and seedling survival. It has been found that most soil
compaction takes place with initial soil disturbance rather than later use (Environmental
Laboratory 1986).
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Interacting Site Factors That Limit Plant Establishment

Restoration of wetlands requires consideration of the wetland ecosystem as awhole. Using
an ecosystem approach, one needsto look not only at the individual system components (i.e.,
soil, plants, water quality, etc.), but also at the relation between these individual components.
For example, the productivity or nutrient availability of amarsh is directly related to the
hydrologic regime, specifically the water cycles within the wetland (Fredrickson and Reid 1988).
Sail texture and compaction limit the retention of water and root aeration. Soils that are coarse
grained are more subject to frequent shifting and instability, and poor anchorage of plants
especialy in areas affected by waves or currents. Therefore, the combination of soil substrate
and energy isimportant in effecting substrate stability and in the establishment and growth of
plants. Soil texture influences water quality, for example, fine clay soils are notorious for
contributing to turbidity. In general, fine particles sink more slowly than coarser particles and
are more easily stirred into the water column. Turbidity is often related to energy characteristics
of the system. In freshwater systems, turbidities are often the result of waves or currents that
resuspend fine particles from the sediments (Kadlec and Wentz 1974).

Evaluating the direct and indirect relation between a number of environmental components

and limiting factorsisimportant. Often afactor may become alimiting factor as aresult of a
direct relationship with another variable.
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6-3 Natural Vegetation Colonization
and Establishment!

Even though earth-moving and hydrol ogic structure construction are commonly the most
expensive facets of awetland creation, vegetation establishment can aso be an expensive and
time-consuming endeavor. Thisisin contrast with restoration, where vegetation establishment is
often the largest single expense. If wetland vegetation establishment is unsuccessfully planted or
agreat deal of vegetative maintenance is necessary, project objectives usually cannot be met
within budget nor in atimely manner. Thus, natural plant colonization and establishment
processes should be utilized to the greatest extent possible. Project costs and involvement will be
minimized with natural colonization, and the likelihood of establishing a sustainable plant
community is enhanced.

Natural plant colonization isthe result of several processes that must all occur within the
sametime frame. First, seeds or vegetative propagules must be produced. Seeds and/or
vegetative propagules must be dispersed to a site by some sort of conveyance mechanism, such
aswind, flowing water, or animals. The migrants must arrive on site in viable condition and in
sufficient numbers to become established. Site conditions must be adequate for seed germination
and plant growth. Finally, site conditions must be conducive for plant growth for along enough
period of time that the new plants become well enough established to be able to tolerate
subsequent disturbances such as inundation, grazing, or fire.

For natural colonization to be aviable aternative to planting for vegetation establishment on
wetland restoration and establishment projects, the following conditions must exist:

e desirable plants already exist on site OR anatural source of plants and propagulesis
available

e no barriersto migration exist

e project site conditions are adequate for the germination and establishment of
desirable plant species.

The objective of this chapter isto provide a general decision framework that will identify the
major conditions limiting natural vegetation colonization and establishment at a specific
restoration site and aid in deciding whether to plant or not to plant. Under certain conditions,

! By Mary M. Davis
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desirable vegetation already exists at a site but isinadequate in species richness, density, or areal
coverage. Planting may not be required, but some degree of vegetation or site manipulation may
be necessary to ensure that the desired assemblage of species becomes established and remains
viable. The decision framework also guides the user to practices and methods for continued
vegetation management and site maintenance (see Section 7).

Nuisance Plant Species

If nuisance species are identified in the onsite vegetation and seedbanks, it is advisable to
incorporate a management technique to control the undesirable vegetation prior to further
vegetation management (Figure 6-1). V egetation management techniques target different life
history stages of the plants. If seeds of undesirable species are present in appreciable densities,
management techniques should target seedling emergence. For example, a site can be lightly
harrowed after seeds have been allowed to germinate to strip the seedlings from the soil.
Multiple harrow treatments will deplete the seedbank and reduce the potential of nuisance
species invasion from the seedbank, but do not turn the soil or you will expose additional
seedbank. Alternatively, if seeds areintolerant of inundation, the site can be temporarily flooded
until the seeds rot and viability islost. Pre-emergent herbicides that are approved for aguatic
systems can be applied to eliminate seedlings as they emerge. V egetation management
techniques can also target plant growth. Mowing and fire reduce plant biomass of existing
nuisance plants. One of these treatments may be necessary to allow more desirable speciesto
grow and become dominant. More extensive techniques are, however, usually required to
control existing vegetation. Preferred vegetation management methods should have as little
impact on the desirable vegetation as practicable to minimize the need to plant the site later.

Adequate Composition, Density, and Cover of Desirable
Species

Wetland restoration and establishment project objectives should include an indication of
desired vegetation, preferably a species list, and the density or percent areal coverage the
vegetation should attain within a specified time frame for the project to be considered successful.
It is necessary at this point in the project planning decision framework (Figure 6-1) to decide
whether adequate vegetation already exists onsite, if inadequate coverage of the desired
vegetation will increase to adequate coverage within the project time frame, or if further
management may be required. Information gathered during the initial site assessment should
provide a basis for this decision.

The first aspect to consider is whether the composition of desired species that already exists
on the site and in the seedbank (if a seedbank study was conducted) is adequate. If an adequate
species complement is not already present, possibilities of natural colonization should be
investigated and, barring colonization, selected species may have to be introduced via planting or
seeding. If the species complement is adequate, the volume and coverage of the anticipated
dispersal rain needs to be considered in determining whether to introduce plant materials.
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The potential for existing plants and seeds to grow and increase their coverage on the project
site depends on several factors. Thefirst is whether the designed conditions are optimal or
marginal for plant growth. Rates of spread of healthy plant material can be estimated from the
rate of spread of stock planted in optimal conditions. If hydrology, nutrients, competition, and
herbivory are not limiting to plant growth, it is not uncommon in wetland projects for
rhizomatous grasses, other herbs, and some shrubs planted to less than 5 percent coverage to
reach 100 percent cover in less than 3 years by spreading vegetatively. Nonrhizomatous species
such as tufted grass and grasslike species planted as sprigs, however, spread more slowly. The
radius of the tuft increases slowly as hew culms are produced. In the case of single stem plants,
like trees, growth isin height and crown radius. If, for example, 50 percent cover of atree
speciesis required within 10 years, to estimate whether adequate tree cover will be attained one
needs to estimate 1) the canopy arearequired at the end of the project, 2) the density of trees
onsite that are likely to survive at the end of the project time period, and 3) the likelihood that the
trees will attain the required size. Assume the required tree coverage equals 5,000 m? (one half
hectare) by year 10. If 110 trees/ha are onsite and 100 are expected to live 10 years, then the
trees must average 50 m? cover at that time. Thisis acrown radius of 4 m (about 13 ft). The
project biologist would have to estimate whether this coverage would be easily attained by the
existing trees or whether additional trees should be established to ensure project objectives are
met.

The second factor affecting potential growth of the plants onsite is their present state of
health. Inspection of the plants should indicate whether they are capable of growth under present
conditions. If the plantslook weak (i.e., yellow or sparse leaves), severely damaged (i.e.,
excessive loss of leaves, branches, or roots), or suppressed (i.e., no indication of recent growth),
thereislittle likelihood that the existing plants will recover and grow without some management
intervention. Poor growth may be a reflection of poor site conditions. Onsite analyses should be
made to determine the factors limiting growth of existing vegetation. Management such as
exclusion of grazers, fertilizer or pH amendments, erosion control, and altered hydrology are
among the possible techniques (Fredrickson and Taylor 1982) that can be used to improve plant
growth conditions on the wetland restoration or establishment project site.

It is more difficult to assess the development of vegetative cover from seeds. Often
reasonable agreement is found between plant compasition and numbers of plants that emerged
from seedbank studies in greenhouses and from the respective natural sites, but thisis not always
the case, particularly in forested systems (Pickett and McConnell 1989). More importantly, the
ability and accuracy of predicting the future postrecruitment vegetative composition and
structure from a known seedbank has been rarely investigated (van der Vak and Pederson 1989).
Although many site factors, such as erosion, inundation, and drying, will affect emergence,
results of the seedbank study can be used with caution to estimate the amount of vegetation that
will emerge on the project site. Effects of the site-specific conditions on seed germination and
seedling growth of the species of interest must be carefully evaluated.

The direction of successional development is very dependent on the timing of the release into
succession. In much of the mid-Atlantic States, a spring or fall abandonment of farmland will
favor the establishment of Ambrosia artemissifolia (ragweed), whereas a summer release into
secondary succession will favor Setaria faberii (foxtail) to the near absence of the Ambrosia
(Squiers 1989). Managers of waterfowl basins can strongly influence the composition and
structure of the drawdown releases via the selection of different release dates (van der Vak and
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Pederson 1989). Determining the most advantageous rel ease date for the targeted species mix
will be important in directing the successional development toward the targeted community and
away from unwanted compositions.

Colonization from Natural Sources of Seeds and Plant
Propagules

If inadequate species and/or cover of desirable plants exist on the wetland restoration or
establishment project site, natural colonization of the site by vegetation from nearby sources may
be a viable method to vegetate the project site. The objective of this point in the planning
decision framework (Figure 6-1) isto 1) determine whether sources of desirable vegetation
capable of colonization are available, 2) identify barriersto migration, and 3) determineif site
conditions are adequate for germination and establishment of colonizing species.

At aminimum, the following information will be required to assess the potential for natural
colonization at a project site:

a. Atleast one site visit will be required during a period of the year when onsite and
surrounding vegetation can be identified to species. Plant species identification should
aways be made by a qualified expert familiar with local flora.

b. The dispersal mechanisms and specific germination requirements of the desired species
need to be determined. Germination requirements can be determined to different degrees
of certainty using one of the methods discussed in the next section.

c. Distance to seed/propagul e sources and presence of barriersto dispersal should be
assessed with maps, onsite evaluations, and, if water dispersal is necessary, hydrological
records or evidence.

d. Suitability of site conditions for germination and establishment of seeds and vegetative
propagul es can be determined from a comparison of potential colonizing species
requirements and tolerances with site hydrology, soil conditions, and vegetation.

Are Natural Sources of Desirable Vegetation Available?

Natural colonization of wetland restoration and establishment projects can be a highly
successful method of revegetation if sources of seeds and plant propagules are nearby. Reinartz
and Warne (1993) reported finding 142 species of vascular plantsin naturally colonized created
marshes of southeastern Wisconsin. They found that the diversity and richness of native wetland
plants and the proportion of total plant cover that was comprised of native marsh plant species
increased from one- to three-year-old wetlands. The diversity and richness of native wetland
species increased with proximity to the nearest native marsh, with a marked decrease in species
richness beyond 700 m to the nearest marsh.
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Seeds of many woody species, however, have much shorter dispersal distances. Brown et al.
(1992) evaluated aforested floodplain wetland as a source of windblown, bird-dispersed, and
water-dispersed seeds to adjacent mined wetland areas. Windblown seeds decreased in densities
as distance from forest edge increased. Densities ranged from 125/m? to 380/m? within the
forest, 50/m? to 120/m? at the forest edge and decreased exponentially as distance from the forest
edge increased. Bird-dispersed seed densities at the base of constructed perches and tree “snags’
ranged from 100/m? to more than 300/m?, but decreased rapidly beyond several meters from the
perch. Water-dispersed seeds trapped in a creek flowing out of the mined area ranged from O/day
to 200/day, whereas dispersal rates downstream of the forest floodplain ranged from 200/day to
5000/day. Water dispersal of seeds, however, is highly dependent on distance to seed source as
well as hydrology. Extensive tracts of agricultural land in the Mississippi Alluvial Valley are
being restored to bottomland hardwood forest. Planting efforts have concentrated on heavy-
seeded tree species with the assumption that lighter seeded species would be blown onsite by the
wind or carried in by water. Natural colonization by additional tree species has been
disappointingly low, due in large part to the great distance to natural seed sources and competing
vegetation. In these cases, the restoration sites have been sufficiently large that the dispersal rain
range of the mast speciesis not great enough to colonize the interior of the restoration sites, only
the immediate periphery adjacent to existing forests.

Colonization of wetland vegetation from plant fragmentsis more limited than colonization
from seeds, but can be an important form of colonization in some cases. Stem and root
fragments of aquatic vegetation are capable of becoming established upon deposition. Hydrillais
amajor aquatic nuisance species that is spread from stem fragments carried from one water body
to another on boat propellers. Whole plants of wildcelery (Vallisneria americana) and sago
pondweed (Potamogeton pectinatus) are ripped up by feeding migratory waterfowl in the Upper
Mississippi River. These fragments can settle and become established in shallow areas with low
energy and adequate light penetration. Geese feed on two sterile species common in saltmarshes
throughout the Arctic, Puccinellia phryganodes and Carex subspathacea, and in the process tear
up thousands of plant fragments that are carried to new areas by water currents. Soft sediments
that are exposed by the feeding geese are recolonized by these plant fragments (Chou et al.
1982). Algae and bryophytes, although not commonly noted in the restoration literature, are also
capable of colonizing new sites vegetatively.

Results of the studies described above indicate that sources of seeds of wetland species must
be relatively close to the project site for dispersal of a diversity of speciesin adegquate quantities
to vegetate asite. The decision of whether adequate natural sources of seeds or vegetative
propagules are available depends on the type of desired plants. For example, marshes containing
desirable species that occur within 500-700 m (0.3-0.5 miles) of the project site are likely to be
good seed sources of herbaceous plants, assuming the presence of dispersal vectors for the
various seed types. Seed densities of windblown or animal-dispersed tree species decline rapidly
with distance from the forest edge. Windblown tree seeds will be carried only a couple of
hundred meters. Densities of bird-dispersed seeds can be increased in localized areas with the
provision of perches. Perches can be old remaining trees, shrub piles, “planted” snags, or any
other structure on which birds will perch. Water-dispersed seeds can be carried great distances,
presumably for miles before they lose their buoyancy and sink. Sources of vegetative propagules
and water-dispersed seeds must originate upstream of the project site.
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Barriers to Colonization

For natural colonization to occur, propagules (e.g., seeds, rhizomes, stolons) must be present
at the site or must be able to disperse to the site. There are four primary agents of dispersal for
wetland plants: wind, water, animals, or man. Propagules have numerous morphol ogical
adaptations that make them amenable to the various types of dispersal. Many of the common
invader species that rapidly occupy asite are carried by wind (e.g., Typha and Phragmites).
Currents, winds, and animal dispersal can account for some short range dispersal in riverine and
fringe wetlands (Kadlec and Wentz 1974). A brief description of how each of the factors or
conditions limit natural revegetation of asiteis provided below.

Topography: Steep slopes may hinder the colonization of an area by alarge number of
species. The steep slopes increase runoff and may cause any seeds that have been dispersed to
the site to wash off the opes. A sudden and sharp increase in elevation between the site and its
surroundings can present aphysical barrier to dispersal of propagules to the site, particularly for
those species that rely on wind dispersal. In riparian systems, floods occasionally carry seeds
across land barriers (Kadlec and Wentz 1974).

Currents and wave energy: Colonization in riparian and fringe wetlands may be hindered by
currents and waves that disrupt the establishment of seedlings and other propagules. Seeds and
vegetative propagules must have stable sediments as roots devel op to anchor the plant. Sources
of energy that move soils or physically damage the plants will limit colonization.

Dispersal rates: On bare sites, such as sandbars, willow (Salix spp.) and aspens or
cottonwoods (Populus spp.) frequently appear very rapidly because their wind-disseminated
seeds reach new sites quickly and the seedlings are able to thrive on these wet, bare mineral soils.
Assuming the presence of dispersal vectors, marsh and aquatic plants within the effective
dispersal range invade most new environments within a few growing seasons because their
means of dispersal are remarkably efficient (Kadlec and Wentz 1974).

Competition from existing vegetation: Competition from existing indigenous and aggressive
undesirable species affects migration, growth, and survival of propagules that may potentially
colonize asite. The existing vegetation physically limits delivery of seeds to a site, contact of
the seeds with soil, and access of the developing new vegetation to light, water, and nutrients.
Natural colonization may be an ineffective or undesirable method for establishing vegetation at a
site when one or afew aggressive species are present and can exclude al others. (Southern Tier
Consulting 1987).

Soil condition: Disturbancesin soils at a site may significantly alter the soil condition at the
site and prevent the colonization of original assemblages of species on the site or of species from
surrounding areas. For example, if an area has been clear cut and has potentially been subject to
a high amount of rainfall, leaching of soil nutrients may have occurred if the site has been left in
adisturbed condition. If an area has been degraded by off-road vehicle use, changesin soil
conditions, particularly compaction, may preclude the colonization of a desirable species mix and
favor weedy colonization. Past land use practices can easily |ead to the destruction of the
mycorrhizzal and microbial communities, whose loss will strongly focus successional processes
toward aweedy colonization.
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Modified hydrology: A wetland site whose hydrology has been modified may require a
review of the degree of hydrologic change prior to selecting natural colonization as the method of
establishment. For example, asite that once supported an assemblage of forested wetland
species that were tied to annual cycles of flooding and inundation throughout the growing season
may not be able to support this same assemblage of speciesif the site timing, frequency,
duration, and depth of inundation were greatly reduced at the site. A change in timing,
frequency, duration, and depth of inundation can affect the survival of speciesin the seedbank.
The ability of the speciesin the seedbank or propagul es dispersed from adjacent locations to
become established at the site will depend on the tolerances of the individual species to the new
hydrologic regime and water budget.

Time: Natural colonization may require several years before the desired assemblage of
species and cover is achieved. While many species may be established on a site without direct
human intervention, the time required to achieve the desired assemblage of species at the desired
coverages can be quite prolonged. Thisis especialy true for sitesin which the natural conditions
of the site have been disturbed, modified, or regraded.

Ecotypes. Ecotypes are genetically different individuals of a speciesthat are adapted to a
specific set of local or regional environmental conditions. Because ecotypes have devel oped
adaptations to a specific set of environmental conditions, they often will not grow well under a
different set of environmental conditions. Colonization in wet conditions of ecotypes that are
adapted to upland conditions can result in high mortality of propagules. Examples of wetland
species that may have different ecotypes within the same area, such as within awatershed, are
green ash (Fraxinus pennsylvanica), black gum (Nyssa sylvatica), and red maple (Acer rubrum).

Summary of Potential Site-Specific Conditions
Limiting Wetland Vegetation

The following items can serve as a checklist for assessments of potential wetland project
sites based on wetland vegetation.

a. Determinethe physical limitations for dispersal of propagules onto the site and the
establishment of plants on the site.

(1) What are the slope and soil characteristics of the site?

(2) Doesthe site have the potential for having poor drainage characteristics, i.e., for
being either well drained or permanently flooded or inundated?

(3) What isthe orientation of the slope with respect to the wind and the sun?

(4) Will this orientation have an effect on the potential success of establishment of
natural vegetation?
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(5) Arethere any physical barriersto the natural dispersal of propagulesto the site and
if so what are these barriers?

(6) Can these barriers be removed easily and still meet the planned project goals?

(7) Arethe soil conditions and characteristics adequate for the revegetation by local
species?

(8) What isthe soil condition including fertility and potential for productivity?

Evaluate the climatic limitations of the site. In which season will the site will be ready
for vegetation to be established?

Determine the biological limitations to natural revegetation.

(1) Isthere an abundance of nuisance animals in the surrounding communities that
often feed on seeds and young seedlings?

(2) What are the dispersal mechanisms of the native vegetation in the area?
(3) Isthere anatural wetland complex near the site to provide a source of propagules?
(4) Arethere sufficient number of desirable species at the site or adjacent to the site?

(5) How far away are the nearest sources of natural propagules and are the propagules
likely to be dispersed to the site?

(6) What isthe composition of the seed rain that will reach the interior of the site?
(7)  Isthe seedbank areliable source of a sufficient number of species?

(8) Arethe sources of propagulesin good, healthy condition, stress free, free of
deleterious insect damage and signs of disease?

(9) Arethereany undesirable species at the site or near the site?

(10) Arethere any desirable species remaining on the site or adjacent to the site and
what isthe areal extent of the species?

Evaluate the site history and compare with current site conditions.

(1) Hydrology - Has the natural hydrology of the site been significantly altered so that
local species or species indigenous to the area would be precluded from the normal
course of revegetation because the species and the site conditions are no longer
compatible?
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(2) Soils- Havethe soil characteristics of the site been significantly altered so that
natural revegetation will be difficult without some site preparation or manipulation?

c. ldentify any of the above problems that cannot be overcome.

d. Finaly, determineif the site condition is compatible with the planned project goal if the
siteis not planted with transplants.
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6-4 Species Selection®

Introduction

Once the decision has been made to plant or seed the site, the next step isto select the
wetland species that will be introduced into the wetland. The selection of species should not be
conducted as an isolated task, but should be conducted in conjunction with the acquisition of
information on the availability, cost, condition, and source of the plant materials. When
selecting plant species for wetland projects, an iterative approach that continues to refine and
narrow the list of potential species that will be introduced into the wetland should be used. This
approach alows the selection of speciesthat are not only compatible with the site characteristics
but with the project goals, design criteria, and budget as well.

This chapter istargeted at providing:

» abrief overview of ecological concepts that are important to consider when selecting
wetland plant species to be introduced into a site that will meet the project goals,

e gpecies characteristics that are important for meeting project goals and objectives, and

e guidance for the selection of species that will meet the vegetation design criteriawhile
being compatible with the site conditions.

Ecological Concepts

Theideal basisfor plant species selection is the natural assemblage of speciesfound in
natural reference wetlands. A reference wetland has characteristics similar to those that are to be
restored or created. The referen