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ABSTRACT

The primary types of construction activity which severely impact
wetland environments of the United States include: floodplain surfacing
and drainage, mining, impoundment, canalization, dredging and channel-
ization, and bank and shoreline comstruction. Each type of construction
activity is attended by an identifiable suite of physical and chemical
alterations of the wetland environment which may extend for many miles
from the site of construction and may persist for many years. In turn,
each type of physical and chemical modification has been shown to
induce a derived set of biological effects, many of which are predict-
able, in general, if not in specific detail. The most environmentally
damaging effects of construction activities in wetland areas, in order
of importance, are: direct habitat loss, addition of suspended solids,
and modification of water levels and flow regimes. Major construction-
related impacts also derive from altered water temperature, pH, nutrient
levels, oxygen, carbon dioxide, hydrogen sulfide, and certain pollutants
such as heavy metals, radioactive isotopes, and pesticides. Over one
third of the nation's wetlands have been lost through various forms of
direct habitat destruction, and well over half of the remainder have
been severely modified. Many aquatic species are known to have been lost
or severely restricted, and a number of species and habitats are curr-
ently in jeopardy, at least in part as a result of construction activ-
ities. Deliberate and drastic action is required to reverse the present
trends, and recommendations are given for specific steps which must be

taken to insure the survival of the wetland ecosystems of the nation.
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INTRODUCTION

Human activities are ruining the wetlands of America at an
alarming rate. Shaw and Fredine (1971) estimate that at least
45 million acres (or over 35 percent) of our primitive marshes,
swamps, and seasonally flooded bottomlands have been lost due to
drainage projects and other human activities. Erosion is rampant
and widespread. Watersheds of the San Gabriel mountains of southern
California normally produce 2,000-5,000 tons of sediment per
square mile per year, but after removal of vegetative cover the
figure may annually exceed 100,000 tons per square mile. Wohlman
(1964) has shown that construction activities in the eastern
United States may increase stream sediment yields from 1,000 to
100,000 tons per sguare mile per year, a hundredfold increase.

Impoundments have changed the nature of the water-courses.
For example, over 50 mainstream and tributary dams have trans-
formed the mighty Columbia River into a series of pools. Reser-
voirs in the Great Plains and elsewhere are accumulating sedi-
ments at the rate of 1 million acre feet per year (Spraberry, 1965),
and the average life of such reservoirs is estimated to be less
than 50 years. To prolong the life of reservoirs and to main-
tain the depth of navigation channels about 450 million cubic
yards of bottom materials are dredged each year, and much of the
spoil is dumped on marshes, swamps, and floodplains.

Despite the dredging and reservoir sedimentation, the Miss-
issippi River daily brings to its mouth about a million cubic yards
of sediment, and this represents an annual soil loss of 290 tons

for every square mile of watershed. As a result, the 35-foot
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depth contour at the river's mouth advances seaward about 100

feet per year. Normally, much of this sediment would have been
deposited as a thin carpet over the floodplains, marshes, and
swamps, balancing subsidence tendencies and increasing fertility.
Yet, Louisiana is now losing coastal wetlands at the rate of

16 1/2 square miles per year (500 square miles during the past

30 years) through shoreline erosion, canal dredging, and deteriora-
tion and breakup of marshlands (Gagliano, Kwon., and van Beek, 1970).

Mining activities have added greatly to the sediment loads.

In addition, they have produced 34,000 miles of impassable high-
walls and have seriously disturbed or destroyed 13,000 miles of
streams, 281 natural lakes, and 168 reservoirs (Boccardi and
Spaulding, 1968). Much of the mining damage results from the
production of sulfuric acid which may reduce the pH of natural
waters to below 3.0.

Such habitat destruction has had a major impact upon the
wildlife of the nation. The list of threatened or endangered
species grows daily.

In order to reverse the destructive trend and to provide
the basis for rational environmental management, it is necessary
to identify the destructive activities and to analyze their specific
effects upon natural environments and the native biological com-
munities. Considering the variety of human activities, the size
of the nation, and the complexity of the native ecosystems, this
is not a light task.

Einstein once stated, "Everything should be made as simple
as possible, but no simpler."” Sophisticated simplification of

complex environmental problems to provide the knowledge essential
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for wise decision making calls for a combination of environmental
expertise and analytical judgment which can surmount natural history
detail, on the one hand, and avoid oversimplification, on the
other. 1In producing the present volume on the impacts of con-
struction activities in wetland areas as they relate to environ-
mental impact statements, an effort has been made to provide a
synthesis of our knowledge rather than a simple literature review.
Background chapters on environments, biology, and construction
activities are essential to the interpretation of later chapters
on physical, chemical, and biological impacts. The volume also
includes a glossary of technical terms and a detailed bibliography
to permit the reader to explore individual problems in greater

depth.

Approach to the problem - Every aquatic system consists of a vast

array of physical and biological elements which interact in subtle
and often unrecognized ways. It has been stated, with some reason,
that such systems are not only more complex than we know, but

they are more complex than we can hope to know. However, whether
or not such systems are unfathomable, they are not impossible to
work within the practical vein.

A useful analogy is the human body, also largely unknown,
which can be diagnosed and treated successfully by a skilled
physician. The experienced doctor understands the appearance
and over-all functions of a normal person and he is alert to the
general symptoms of distress (abnormal pulse, temperature, color,
behavior, etc.). Beyond the general symptoms he can call upon a

portfolio of special tests to determine the specific nature of the
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problem. But the doctor does not call for every possible test

to be run on every patient. He proceeds from the general, through
logical steps to the specific, ultimately pinpointing the exact
cause of systemic distress.

In parallel fashion, the crux of the environmental protection
problem is the basic understanding of healthy environmental systems,
recognition of general symptoms of environmental disturbance, and
further appreciation of the particular symptoms of specific types
of environmental stress. Effective handling of the environmental
quality problem calls for the rifle rather than the shotgun
approach.

It is the nature of all dynamic physical and biological
systems to approach steady state equilibrium with the controlling
factors of the environment. However, where there are a large
number of interrelated factors which must mutually adjust to achieve
a common "least work" solution, the outcome can be predicted only
in a probabilistic sense. As stated by Leopold, Wolman, and
Miller (1964), "This indeterminacy in a given case results from
the fact that the physical conditions, being insufficient to
specify uniquely the result of the interaction of the dependent
variables, are controlled by a series of processes through which
any slight adjustment to a change imposed from the environment
feeds back into the system."

If the physical response of aquatic systems to human modi-
fications were completely predictable, then the biological equili-
brium response should also, in a general way, be predictable.
Indeterminacies arise in both steps. Nevertheless, a great deal

of practical field information is available to guide us, and even
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though we cannot explain each step in terms of basic principles
and thermodynamic niceties, we can draw upon the accumulated
wisdom of experience. Some ecological predictability is possible,
and the maintenance of environmental quality rests squarely upon

this assumption.

The literature base - There exists an extensive technical liter-

ature treating the aquatic systems of the United States, and this
literature relates both to the nature and functioning of the
natural systems and to the response of these systems to manipulative
disturbance. The information is found in the form of published
articles in the technical journals, unpublished reports in the
"gray literature”, and in a variety of recent literature summaries
such as technical books and special reports. However, when one
begins to examine this literature in detail for evaluation of
impacts, major gaps are encountered. A great deal has been written
about lakes, small streams, and estuaries, but relatively little

is known about the biology of large streams, except for reservoirs.
Nor is the literature on freshwater marshes and swamps extensive.
Since large streams, marshes, and swamps are important in the
present analysis, the information must sometimes be supplied by
extrapolation. Perhaps more critical is the fact that we are
vastly ignorant about genetic and physiological variability in
most wild aquatic populations. Extrapolation from our few in-
sights here is much more difficult. Most of the technical litera-
ture was not written with environmental impact predictability in
mind. The interpretation is in the mind of the reviewer, not of
the original writers. There is, thus, a clear need for environ-

mental research on impacts of various types of human activities
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to provide a more direct data base. These and other deficiencies
noted elsewhere in this study must receive attention if environ-

mental predictability is to become science rather than art.
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CONCLUSIONS

1. Aquatic systems are evolutionarily adapted to the natural pre-

vailing suite of environmental conditions. Any major or prolonged

alteration of the environmental norms disturbs the prevailing

steady-state equilibrium, imposing unusual pressures upon the

sensitive species, altering the genetic make-~up of the populations,

and shifting the composition and functional aspects of the wetland

€écosystems.

2. Natural aquatic systems are balanced at some middle range with

Yespect to most environmental factors. Disturbance from this state

may occur through deviation at either extreme, i.e., through de-

ficiency or excess of a given factor. This may take the form of

desiccation vs., inundation, starvation vs. over-enrichment, too-

fresh vs. too-salty water, etc.

3. Wetland ecosystem stress varies from mild and temporary pressure

to complete ecosystem decimation through habitat destruction. Habi~

tat loss is the most thorough and permanent damage that a wetland

ecosystem can suffer, and this is to be avoided at all costs.

4, A given type of construction project results in a characteristic

suite of environmental effects. Repetition of such projects through-

out the nation creates somewhat similar pressures in comparable
environments., This phenomenon is presently jeopardizing certain
wetland system types on both regional and national scales. Especially
vulnerable wetland types include ponds, freshwater and coastal
marshlands, swamplands, riparian habitats, riffles, rivers which

flow between damable bluffs, and estuaries.
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5. Certain species groups are particularly vulnerable and require

special protective measures if they are to survive. These include

the inhabitants of threatened wetland habitats (as noted above),

rare and endangered species (as listed by the U.S. Department of the
Interior), and certain immobile species. The latter include most
river inhabiting mollusks and those organisms which dwell in isolated

habitats (such as those which live in desert springs).

6. The most important impact of construction activity upon aquatic

environments is wetland habitat loss. This is occasioned primarily

by draining, filling, leveeing, mining, and other construction in
riparian environments, as well as by damming, ditching, and channeli-

zation of the wetlands.

7. The second most severe impact of construction activity upon

wetland environments is brought about through the addition of

enormous quantities of suspended solids to aquatic environments

which results in increased turbidity and widespread siltation of

wetland bottoms. The increase in suspended and sedimented material

is known to have eliminated the molluscan fauna of major streams
and to have produced devastating effects upon riffle and pool eco-
systems in small streams for many miles downstream of the point of

entry. The results of bottom siltation are often cumulative, especi-

ally if peak stream flow (hence, flushing) has been reduced.

8, The third most important impact of construction activities upon

wetland environments is the alteration of stream flow patterns. This

may take the form of reduced flow, (through water loss), reduced flow

during critical low water seasons (through water retention in reser-
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voirs or water utilization for irrigation, etc.), reduction of peak flow

(by water retention and channel deepening), reduction of floodplain flooding
(through leveeing and peak flow reduction), and modification of seasonal
flow regimes (through water retention and programmed release from reservoirs
and from increased surface runoff and reduced water storage within riparian
environments), The downstream effects of flow pattern alterations may
severely damage the natural ecosystems of streams; riparian wetlands;

coastal marshes, swamps, and estuaries; and ocean beaches.

9. Although the general effects of a given type of construction activity

can be predicted with a reasonable level of confidence, details will vary

with local circumstances. For this reason and because of the large number

of physical, chemical, and biological variables involved, impact prediction
necessarily involves a degree of uncertainty. This margin of error will
vary with locality, magnitude and type of construction project, as well as
with the experience of the impact assessor. Therefore, at the present time
a significant margin of environmental safety should be incorporated into all

construction permits.

10. Each wetland modification project is an environmental experiment

which should have a built-in control. This control should be a locally-

relevant area of comparable ecological constitution which can provide base-
line data for comparison. Control areas should be established on a regional
basis throughout the nation. All environmental impact statements should be

required to indicate the source of their control information.

11. The predictability of wetland environmental impacts will be greatly

enhanced through research on ecosystem structure and function and on the

response of wetlands to specific types of environmental manipulation. Local
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baseline data developed by sophisticated multidisciplinary teams is sorely
needed now and must be available in the future. Wetland environmental pro-
tection will also greatly benefit from the widescale introduction of systems

analysis methods.

12. There is a critical need for development of a sophisticated technology

for restoration of degraded wetland environments. We do not yet know how

to create natural ecosystems, but research into this area should eventually
provide the technology for alleviation of many of the destructive effects

of necessary wetland construction.

13. Because of the regional uniqueness of wetland ecosystems, types of

wetland comstruction, and specificities of response to human manipulation,

there is a recognizable and growing need to establish sophisticated wetland

ecosystem analysis capability on a regional basis throughout the nation,

Only integrated scientific teams in regional laboratories can generate the
locally-specific information required for intelligent management of the

nation's wetland resources.

14, Since human demands and pressures on the nation's wetlands will

certainly increase in the future, and since environmental prediction and

management are attended by unavoidable uncertainties, the cornerstone of

wetland environmental protection must be a nationwide system of wetland

reserves to provide sanctuary for those species and ecosystems which may

be jeopardized in the intensively used and heavily modified areas. This

is a critical margin of safety which must be incorporated into national

and state environmental protection programs.
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Chapter 1

WATER, SOILS, AND AQUATIC ENVIRONMENTS

Throughout the history of the earth, the surface of the land has been
molded by the action of water, falling in the uplands and coursing its way
to the sea, During its downhill passage, the water slowly but steadily erodes
the rocks and soils of the higher elevations and deposits the material in low-
land and coastal environments. These grand hydrological and geological pro-
cesses have together created the native wetland environments of the nation.

The atmosphere moving across the United States brings from the sea the
moisture equivalent of 150 inches of rainfall per year for the entire nation,
but it leaves behind only 9 inches. This is the water which is available to
support all the domestic, industrial, and agricultural needs of society and
to maintain the terrestrial, freshwater, and coastal ecosystems, With the
coming of the age of technology the human population has become a dominant
factor in the hydrological and geological cycles, in many respects more
powerful than the natural forces. Much of the effect of the human popula-
tion is mediated through human use and abuse of water and of wetland envir-
onments., By 1956, 50-80 billion gallons of water per day (4-6 percent of
the average stream flow) was being diverted for human use (Thomas, 1956);
and the figure is considerably higher today. It has been estimated that
one third of the original, natural wetlands of the nation have already been
converted to dry-land uses (Shaw and Fredine, 1971). To this figure may be
added the millions of acres of existing wetland areas which have deteriorated
as a result of various types of construction activity.

To grasp the impact of the human population on the aquatic resources of
the nation, it is first necessary to understand the physical relationships of

water and the land.



The thin shell which forms the surface of the earth and within which living
systems are found is referred to as the biosphere. For convenience the bio-

sphere may be subdivided into three major components, the atmosphere, hydro-

sphere, and lithosphere, which roughly correspond to the three states of
matter; gaseous, liquid, and solid. The atmosphere is a rather constant
mixture of nitrogen, oxygen, carbon dioxide, and rare gases to which is added
a variable amount of water in both vapor and droplet form. Additionally,
dust, pollen, flying insects, and various other living and nonliving materials
may be temporarily airborne. The hydrosphere includes all the surface waters
of the earth, both those which are on the continents (streams, ponds, lakes,
marshes, and swamps) and those which comprise the world oceans. The hydro-
sphere also includes the vast reservoirs of ground water which underlie the
soil surfaces of all the continents. The land masses of the continents as well
as the bottoms of the oceans are included in the lithosphere.

Between the three spheres water is in constant circulation, and it plays
a major role in shaping the lithosphere and determining its habitability by
living systems. Before attempting to analyze man's activities in modifying
aquatic systems and the consequences thereof it is necessary to understand
the nature of water, its circulation and interaction with the lithosphere,

and the role of water in supporting the living systems of the biosphere.

The Nature of Water

Among the chemical compounds known to man water is clearly unique, and

it owes its peculiar properties to the basic structure of the molecule itself,



The water molecule is composed of two hydrogen atoms and one oxygen atom, but
because of the nature and arrangement of the hydrogen-oxygen bonds the molecule
may be thought of as having two positively-charged '"arms" (the hydrogen atoms)
and two negatively charged regions (unbonded electrons of the oxygen atom). The
water molecule is electrically lop-sided or polarized.

The immediate importance of molecular polarity is the tendency of individual
water molecules to stick together forming chains of water molecules which behave
in many ways as supermolecules. This sticky property, calles cohesion, results
from the attraction of the positive arm of one molecule to the negative region
of another (i.e., hydrogen atoms of one water molecule develop bonds with the free
electrons of another). Cohesive forces impart to water its high surface tension
which forms a tough layer on the surface of all drops and bodies of water.
Cohesion also imparts to water a high viscosity or resistance to flow. 1In a stream
with a given gradient this resistance limits the amount of water which the stream
can discharge in a prescribed period of time, and it also results in considerable
friction with the stream bottom, slowing the flow rate and providing a substantial
force for digging and lifting particles from the substrate and transporting
them in suspension.

Water also displays a tendency to stick to the surfaces of certain other ma-
terials. This property, called adhesion, stems from the attraction of the posi-
tive hydrogen "arms'" to oxygen or other negative sites on the surface of the
foreign materials. A variety of organic materials as well as clay particles,
sand, and rocks readily become wetted. Since soils contain all of these materials
the soil particles have a ready affinity for water molecules. The adhesive prop-
erty leads to ready wet:ing and suspension of stream bottom particles, and it
facilitates absorption of moisture onto particles in the soil.

If a fine capillary tube is touched to the surface of liquid water the

water level will rise in the tube in apparent defiance of the laws of gravity.



This capillary rise stems from the forces of both cohesion and adhesion. It

is this force which permits moisture to rise through the fine tubes of plant
stems replacing the moisture lost by evaporation through the tiny pores of
leaf surfaces. Capillary rise is also important in the upward movement of
moilsture in the capillary spaces between particles of the soil. Thus, the
upper layers of the soil do not dry out completely even though considerable
evaporation takes place at the soil surface,

Water has been referred to as the "universal solvent.'" While this is
not strictly so, it is true that water will dissolve a greater range of chemical
substances than any other known liquid. 1Included in the list of water soluble
substances are a wide range of organic and inorganic compounds as well as most
electrically charged particles or ions. These include the components of the
various acids, bases, and salts.

Water exhibits many interesting physical and chemical properties in addi-
tion to cohesion, adhesion, capillarity, and high solubility, and for further
information on the subject the reader is referred to any textbook of general
chemistry or physics. These four properties, however, are uniquely important

to an understanding of the behavior of water within the present context.

The Hydrologic Cycle

At any one time ninety-seven percent of the earth's water is in the oceans,
about three percent is associated with the continents, and only about a
thousandth of a percent is found in the atmosphere. Nevertheless, the earth's
water is in constant circulation, following a pattern which basically takes
it from the oceans to the atmosphere to the land and back to the oceans. Solar
heating provides the energy which evaporates water from the ocean surface,

and this is augmented by the action of wind which aids the evaporative process



and which transports the atmospheric moisture to the continents. Over land a
portion of the atmospheric moisture falls as precipitation in the form of
rain, sleet, or snow.

O0f the water which falls on land a fraction runs off into small streams
and creeks which join to form rivers which eventually enter the sea. Along
the way some of the surface water may be temporarily stored in standing
reservoirs such as ponds, lakes, marshes, and swamps, but this water also
eventually drains into the sea by one means or another. A portion of the water
precipitated on the surface of the land does not run off into surface drainage
directly but infiltrates the soil where, through the force of gravity, it
slowly moves downhill to enter the sea by one of several pathways. Some flows
to the surface as springs; some seeps into the beds of rivers and lakes, while
the remainder moves to the deeper layers where, after a long slow underground
journey, it will ultimately seep into the bed of the sea.

Just as the sun's energy causes evaporation from the ocean surface, so
it also evaporates some of the atmospheric moisture while it is falling as
precipitation. Evaporation likewise takes place from the surface of standing
and flowing waters and from the surface of the soil. Through the process of
transpiration, terrestrial vegetation also contributes to evaporative water
loss from the soil to the atmosphere. The main features of the hydrological
cycle, as discussed above, are summarized in Figure 1.1.

For portions of the earth the hydrological cycle may be expressed quanti-
tatively in the form of water budgets. For example, the atmosphere moving from
the oceans annually carries over the United States the moisture equivalent of
150 inches of precipitation for the entire nation. Only one fifth of this amount
(30 inches) actually reaches the land surface, and of this, about two thirds

(21 inches) are lost back to the atmosphere through evaporation and transpiration.
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Figure 1.1. Main features of the hydrological cycle. Moisture falling to the earth in
the form of precipitation eventually reenters the atmosphere after surface
or subsurface passage downhill. Various possible pathways are indicated.



Thus, the clouds passing back out over the oceans carry away l41 inches. Only

9 inches remain to enter the sea through surface flow of rivers and subsurface
flow of ground waters. The specific amounts, of course, vary from year to year
and from place to place on the continent, but the average figures provide
approximate values and relative ratios. From the standpoint of human society
the 9 inches which the clouds leave behind are the most important. They support
the domestic, industrial, and agricultural needs of society and maintain both
the freshwater and terrestrial ecosystems. Most of this book relates to the

fate of this 9 inches of water.

Soil-Water Relations

Precipitation and runoff - Precipitation reaches the earth's surface in the

form of rain, sleet, hail, and snow. Of these, rain and snow are by far the
most important in terms of their widespread influence on the surface of the
land, especially as they relate to soil erosion. Sleet and hail may exert
important local influences, but the over-all effect is less.

Individual raindrops falling in still air under the influence of gravity
achieve maximum velocities of about 25 feet per second, and most of the drops
of a given rain are traveling at near maximum velocity when they strike the
soil. Wind may significantly increase the velocities of the falling drops.
The impact of the raindrops as they collide with the surface of bare soil is
considerable, For example, it has been calculated that a 2-inch rain falling
on an acre of ground in one hour pounds the surface with a force equivalent
to 518 million foot-pounds of work. The wetting action of rain allows the
moisture to permeate individual clumps of soil, dissolving the cementing
materials which hold the clumps together. Repeated pounding by raindrops

disintegrates the softened mass forming a pasty suspension of fine soil



particles which we recognize as mud. The constant churning action of this
suspension shifts and pounds the individual particles around so that the finer
particles shortly clog the pores and channels of the soil surface. Therefore,
within the first few minutes of a rain the soil surface becomes effectively
sealed and impervious to further penetration of moisture. The excess water
then accumulates on the surface.

When the rate of rainfall exceeds the intake capacity of the soil the
excess water spreads as a shallow layer more or less uniformly over the surface
of the flat land. This type of surface runoff is called sheet flow. However,
since most land is not uniformly flat, most of the sheet flow runoff even-
tually finds its way to linear low areas where it begins to course downstream
as directionally-flowing rills. The velocity of moving water increases with
slope, volume, and distance of flow, and since each increment of length adds
to the volume of flow the velocity increases as the water moves downstream.
Increased velocity is accompanied by turbulence, and local energy concentra-
tions are manifest as swirls and whirlpools. Linear movement of water in

defined channels is referred to as channelized flow. Rills coalesce to form

larger ones, and these join to become creeks and eventually rivers.

In distinction from rainfall, snowfall is gentle and does not do violence
to exposed soil surfaces, and a bed of snow protects the surface of the land
from temperature fluctuations and the effects of wind and other atmospheric
forces. However, snowmelt produces sheet flow which may change to channelized

flow if a slope is involved.

Erosion - Pounding rain which breaks down lumps of soil and places the particles
into suspension also places soluble materials into solution., Sheet flow
carries away the dissolved materials, and it is also effective in transporting

particles if there is a slope. This is called sheet erosion. The capacity




of sheet flow to erode the land depends upon the amount of water involved

as well as the slope and configuration of the land over which it moves. Sheet
flow does not itself clog the pore spaces and infiltration paths of the soil.

As the runoff water becomes chamnelized into rills and creeks the increased
velocity and turbulence greatly increase the erosive capacity of the water.
Downstream, larger and larger portions of the runoff energy are directed against
smaller and smaller portions of the land surface. This type of concentrated

erosion is called rill and gully erosiomn. Channelized flow transports the

materials contributed by sheet erosion as well as the dissolved and suspended
materials picked up through gully erosion.

Snowmelt may cause both sheet and gully erosion, and if the spring thaw
is rapid the entire winter's supply of precipitation may suddenly be released
upon the land and watercourses. Some of the water may infiltrate the soil,
but if the soil is frozen the entire flow may proceed downhill as surface
runoff, This rapid release of accumulated moisture causes heavy erosion in
the steep uplands and severe flooding in the lowlands.

Water which infiltrates the soil is called subsurface water. The rate of

infiltration depends upon soil porosity and permeability as well as upon the
amount of moisture already present. Generally speaking, soils which have a
coarse texture (that is, a high porosity) exhibit higher infiltration rates than
soils made up of finer particles. Thus, infiltration is greater in sandy soils
than in soils with high clay content. Organic matter in the soil also facilitates
infiltration by aggregating soil particles and, thus, increasing pore space.

Once in the soil the water tends to move downward in response to gravity.
During this process some of the moisture is held to the particles by molecular
attraction and in the pore spaces by capillarity. Soils such as clay which

have high particle surface areas and fine pore space diameters retain
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considerable amounts of moisture. Only after these molecular and capillary
needs are met does the remaining water percolate downward to join the water
table where the soil is completely saturated.

In its downward flow the water dissolves certain salts and organic
materials from the surface layers, depositing them as defined layers deeper
in the soil. This leaching process may be enhanced by acid materials derived
from decomposing leaf litter at the soil surface. The most soluble materials
are picked up first and transported deepest. Thus, the downward flow of water
through the soil is responsible in large measure for the vertical stratification
observed in many soil profiles.

From the above it is clear that terrestrial soils are composed of two

main zones, the zone of aeration and the zone of saturation (Figure 1.2).

The zone of aeration is the upper layer in which the pore spaces are not
completely saturated with moisture. The water which is present is mostly
associated with soil particles, the spaces between containing much air. The
presence of soil oxygen is an absolute requirement for the roots of most
plants. Since evaporation and transpiration take place from the surface
layers of the soil, drying occurs from the top down, and the zone of aeration
is most affected. Some replacement of the surface water loss may occur by
upward movement of water from the deeper layers. Although the zone of aeration
is generally only a few feet thick, in some areas it may be much greater, even
achieving thicknesses of several hundred feet.

In the zone of saturation water completely fills the pore spaces of the
soil., This ground water which underlies much of the land surface makes up
a huge underground reservoir extending from a few feet to more than a mile
in thickness. Although the surface of the ground water temnds to be relatively
flat, the level rises and falls in response to seasonal precipitation and

drought. The ground water provides a regulated discharge whenever it surfaces
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Figure 1.2. Zonation of terrestrial soils. The three zZones, aerated (= non-saturated),
saturated, and impervious zones are present for all terrestrial soils, but
the thlcknesses vary widely from one place to another. Lateral movement of

ground water in saturated soil tends to follow a gravity gradient which may

be steep or almost imperceptible. The rate of lateral movement may be
very slow.

IT
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as springs or riverbed seepage. Ground water gradually moves downhill within
the subsurface reservoir, and if not otherwise discharged it will eventually
seep into the bottom of the sea, as mentioned earlier. The residence time for

ground water is of the order of hundreds and thousands of years.

Submerged soils - Soils which are saturated with water for most or all of the

year are called submerged soils. These include waterlogged soils (which are

saturated for only part of the year), marsh and swamp soils (more or less
permanently saturated shallow water areas with high rates of plant production),

and subaquatic soils (permanently submerged soils forming the bottoms of rivers,

lakes, estuaries, and oceans). Submerged soils are chemically and biologically
quite distinct from the upland soils discussed above.

In upland soils the zone of aeration may be from a few to many feet thick.
Within this zone the pore spaces of the soil are filled with air so that oxygen
penetrates to all the soil particles. The major chemical elements making up
this layer (mitrogen, phosphorus, manganese, iron, sulfur, etc.) exist primarily

in the oxidized state. In the presence of abundant oxygen decomposition of

plant and animal remains proceeds rapidly and, for the most part, to completion,
i.e., the organic matter is oxidized to carbomn dioxide, water, and other stable
end products (although certain resistant organic residues, collectively called
humus, do persist for substantial periods).

By contrast, in submerged soils the aerobic layer consists of a surface
zone which is generally only a minor fraction of an inch thick because oxygen
and other gases can enter only from the water above, and molecular diffusion
in the interstitial water is more than a thousand times slower than diffusion
in the gas-filled pores of upland soils. Both the soil minerals and the microbes
decomposing the organic matter create a demand for oxygen at a rate which far

exceeds the rate at which oxygen can be supplied so that the soil becomes
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completely devoid of oxygen or anaerobic within a few hours of submergence.
However, coarse sediments (which have higher diffusion rates) and those which
are very poor in organic matter (and hence, in oxygen demand) may be well
supplied with oxygen to some depth.

Below the thin surface layer of most submerged soils the environment
is anaerobic, and most of the major soil chemicals exist in the unoxidized

or chemically reduced state. Decomposition of organic matter proceeds slowly,

and a great variety of unoxidized decomposition products tend to accumulate.
These include organic acids, aldehydes, alcohols, amines, mercaptans, and
methane, among many others. Considerable humus may also be present. Some of
the unoxidized materials, including hydrogen sulfide, methane, and some of the
organic acids are quite toxic to most living organisms.

In the reduced state many of the chemicals become water soluble and would
tend to move up into the overlying water, but they are prevented from doing so
by the thin oxidized layer. As soon as the reduced chemicals diffuse up into
this layer they become oxidized, and the oxidized state of most of the major
chemical elements is insoluble., Hence, the oxidized layer of submerged soils
acts as a chemical trap for most nutrients, including phosphorus, iron,
manganese, silicon, cobalt, nickel, and zinc. In addition, the oxidized and
reduced layers together play roles which result in the loss of much nitrogen
from usable chemical forms (especially nitrate and ammonia) to the generally
unusable gaseous nitrogen which escapes to the overlying water and eventually
to the atmosphere. The major characteristics of the aerobic and anaerobic

layers of submerged soils are compared in Table 1.1.
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Table 1.1. Characteristic conditions of the surface, intermediate, and
subsurface zones of submerged soils. The biological significance
of these characteristics is discussed in the following chapter.

Zones
Characteristic
Surface Intermediate Subsurface

Appearance larger-grained mixed-grained finer-grained

Decomposition aerobic alternating anaerobic

pH high low high

Free oxygen high low absent

Carbon carbon dioxide mixed methane and
other reduced
carbon compounds

Nitrogen nitrate nitrite ammonium

Sulfur sulfate elemental hydrogen sulfide

sulfur
Iron ferric mixed ferrous
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Surface Waters

A detailed classification of the wetland types of the United States, as
modified from Shaw and Fredine (1971), is given in Table 1.2. In the present
discussion only the following types will be included: streams, freshwater
marshes and swamps, estuaries, and coastal marshes and swamps. Additional types

will be considered as necessary to introduce topics later in the text.

Streams - Streams are linear bodies of water with directional flow and which
drain water from the continents to the oceans. They are also the principal
means for downhill transport of products of weathering and erosion. Since
streams originate in uplands and terminate in lowlands, gravity provides the
force by which the water and transportable materials are brought from higher
to lower elevation. The debris transported by streams includes materials
introduced by sheet and gully erosion as well as materials scoured from the
stream bed and banks by friction with the water and its included load.

In longitudinal profile the slope of most streams follows a curve which
is steepest at the beginning and which is concave upward (Figure 1.3). The
average slope is greatest in the uplands, and it diminishes in logarithmic
fashion as the stream traverses the softer, more erodable material making up
the coastal plain. The average particle size of the materials making up the
stream bed tends to decrease downstream, since particle size transport is
related to water velocity, and water velocity is, in part, a function of slope.
As they move downhill, streams also tend to increase in width. This is due
chiefly to the progressively greater volume of discharge derived from numerous
tributaries received en route, and to lower velocity.

For any given stretch of stream the channel form (including width, depth,

symmetry, etc.) reflects the forces of scouring and siltation, of channel
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Table 1.2, Classification of wetland environments of the United States

(modified from Shaw and Fredine, 1971).

I. Non-marine related wetlands

A. Flowing waters
1. Springs
2, Small streams
3. Rivers

B. Non-flowing waters
1. Shallow water and shoreline environments
a. Floodplains
b. Seasonally-flooded basins
c. Fresh meadows
d. Fresh marshes
e. Inland salt marshes
f. Swamps

g. Bogs
2. Ponds
3. Lakes

4, Impoundments

II. Marine related wetlands

A. Coastal wetlands
1. Beaches
2. Salt marshes
3. Grass flats
4. Salt swamps
5. Estuaries
6. Bays
7. Lagoons

B. Marine enviromments
1. Submarine meadows
2. Coral reefs
3. Kelp beds
4, Open continental shelves
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lowering and building. The channel accommodates itself to the discharge
produced by the watershed, and it exists in equilibrium with the hydrodynamic
forces involved. 1In order to understand flowing water systems ome must have
some insight into the nature of these interrelated factors, the chief of which
are slope, velocity, hydraulic roughness, and sediment load.

Slope - The slope of a stream is the drop in elevation for each unit of
distance traveled. Although the slope in most streams tends roughly to follow
the concave logarithmic curve mentioned above, within any given section of the
stream local topographic and lithologic features may prevail. The slopes of
individual stream stretches are especially variable in the highland headwater
areas where hills and valleys may have exposed alternating layers of hard and
soft rocks and where hanging valleys may give way abruptly to steep slopes or
vertical plunges.

Velocity - Velocity is the speed with which water moves. It depends
upon the depth and width of the chamnel, the slope, the volume of water to be
accommodated, and channel roughness or resistance to water movement. Velocity
determines, in large measure, the gravity-generated power to scour the stream
bed and to transport particles downstream., Stream discharge is a function
of the velocity and the cross-sectional area of the stream.

Hydraulic roughness - The resistance of the channel bed and banks to

water flow is determined by the particle-size composition of the channel bed
and banks and also by the presence of obstruction to flow. 1In general, fine
particles such as clay and silt offer less resistance than sand, gravel,
pebbles, or rocks. Boulders, riffles, and vegetation beds occasion high
resistance to flow.

Sediment load - Particulate material is transported by streams in two

ways, by suspension in the water column and by moving along the bottom (sliding,
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rolling, and hopping). 1In either case, the transported materials may collide
with particles in the bottom or banks, dislodging them. Such particles then
become subject to lifting and transport.

As mentioned above, velocity primarily determines the power of the stream
to lift and transport particulate materials. The greater the velocity the
greater the load and the larger and denser the particles that can be trans-
ported. It follows that any factors which reduce the velocity will result in
dropping of some of the load, with the larger and denser materials dropping
out first, followed by successively finer materials. This sorting or particle
grading action may be observed wherever the stream widens out into a pool or
enters a lake.

Local microhabitat features are those which are most important in deter-
mining the nature of biological development associated with a given stream
section. In the uplands, shallow riffle and deeper pool habitats tend to
alternate at regular intervals. The former involves swift water and scouring
tendencies, the latter, slow water and depositional tendencies. Downstream
the riffles become further apart and eventually drop out completely. 1In the
coastal plain the stream may be thought of as a long sinuous pool meandering
slowly toward the sea. Fine clays and silts held in suspension increase the
turbidity (decrease the light penetration) and absorb solar energy, thereby
gradually elevating the temperature of the water. Dissolved oxygen is gen-
erally high throughout the length of a stream because of the intimate contact
of the moving waters with the atmosphere.

The general principles of stream dynamics are subject to infinite
variation in local manif  station due to the complex influences of lithology,
topography, climate, and vegetation., Some of these variations will be dis-

cussed in the following chapter, but greater detail may be obtained from the
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following references: Bayly and Williams (1973), Hynes (1960, 1972), Leopold,

Wolman, and Miller (1964), Reid (1961), and Smith (1966).

Freshwater marshes, swamps, and floodplains - In low-lying areas where the soil is

waterlogged or covered by shallow standing water for all or most of the year heavy
vegetational development takes place. Where this vegetation is dominated by
grasses, reeds, rushes, sedges, and other non-woody types the development is
referred to as a marsh. If the vegetation is largely bushes and trees, it is
called a swamp. Freshwater marshes and swamps may develop in wet depressions
of upland areas, as late transitional stages in the filling of lakes and ponds,
at the margins of sluggish streams, in the low wet areas of stream floodplains,
or in extensive low flat areas of coastal plains inland from the influence

of saltwater., As a general rule, marshes and swamps develop where the surface
of the soil lies at the level of the water table or is submerged no deeper

than three feet. Of particular interest here are the marshes and swamps
associated with streams and floodplains, and a brief discussion of floodplains
and their water relations is in order.

Floodplains are the relatively flat lands lying between the stream itself
and the bluffs on either side. Although they may occur in association with
any permanently flowing water, they are especially prominent in the low-gradient
downstream stretches of rivers. As depositional features they are composed
largely of fine-grained silts or river deposited alluvium, but deposits of
sand, gravel, and coarser materials may occur. Over long periods of geological
time streams tend to cut their chammels deeper into the substrate, lowering
the water table of the surrounding land. A shorter-term phenomenon is the
lateral swinging of the stream bed back and forth across the floodplain, in

the process forming new channels and abandoning old ones. Hence, floodplains
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typically include abandoned channels in various stages of filling. Through
sedimentation and organic development these pass through marsh and swamp
stages before becoming dry land.

Most streams are subject to occasional periods of torrential flow, and
when the volume of water contributed by the drainage basin exceeds the channel
capacity the excess must flow over the banks, inundating parts of all of the
floodplain. Water moving broadly across the land exhibits a greatly reduced
velocity, hence much of the sediment load is deposited as a layer of silt across
the floodplain. This periodic flooding, which occurs in most ummodified streams
every one to four years, also replenishes the water supplies of the marshes and
swamps occupying the floodplain depressions.

Due to the rapid accumulation of organic matter and poor water circulation,
hence poor aeration, most marshes and swamps are characterized by acid waters and
anaerobic acid soils. 1In swamps the trees and shrubs have extensive but shallow
root systems, and organic matter does not accumulate as rapidly as in marshes.
Swamp soils may have high percentages of silt. By contrast, the roots of marsh
grasses often die within the soil, and this added to the annual die-back of the

above~surface portions of the plant create deep, black, organic marsh soils.

Estuaries and related coastal waters - An estuary is the expanded mouth of a

river just above its entrance to the sea. It is subject to the influence of
both the river and the sea, as well as the coastal weather conditions. The
salinity of estuarine water is intermediate between that of the river and the
sea, and a definite salinity gradient exists from the upper to the lower end

of the estuary. Stratified water circulation patterns are typical, with fresher
water moving seaward at the surface and more saline water flowing upstream
along the bottom. This two-layered pattern reflects density differences in

the water masses, fresher water being less dense than saltier waters. Warm
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water also tends to be less dense than cool water. Therefore, during the

summer months the warm, fresh waters contributed by stream flow are considerably
less dense than the cool more saline water entering from the ocean. Regard-
less of the stratification, however, some mixing and dilution take place along
the length of the estuary as the two layers move past one another (Figure 1.4).

Located at the edge of the sea, estuaries are subject to tidal actionm,
and their levels rise and fall with the diurmal or semi-~diurnal tides char-
acteristic of the neighboring sea. This means that enormous quantities of
water must move into and out of the estuary once or twice each day. Estuaries
are also subject to the lunar-solar tidal rhythms of especially high and low
amplitude cycles known, respectively, as the spring and neap tides. Due to
the interaction of these several factors, the estuarine waters are in a constant
state of flux, the dynamics of which are basically rhythmic and predictable.

Estuaries are also influenced by coastal winds which generate surface
waves and which may occasionally move large quantities of water into or out of
the estuaries, creating conditions of exceptionally high or low water, especial-
ly if they coincide with high or low tides. Extremely high winds accompany
coastal storms, and the heavy wave action and strong currents occasioned by
such storms may restructure the topographic features of the estuary.

On rocky coasts estuaries may be quite deep and fjord-like, but most
estuaries of the United States are fairly shallow, for the most part not ex-
tending deeper than ten or twenty feet, except in narrow passes and where
constant dredging maintains navigational channels. As streams enter upper
reaches of an estuary they drop much of their sediment loads creating shallow,
fine-grained deltaic bars near the upper reaches of saltwater influence. Bars
also develop at the mouths of estuaries, but these often consist of sand and

other coarse sediment mixed with the finer materials. Deeper basins not in
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the direct line of current flow act as settling basins for finer particulate
matter, and much organic matter tends to accumulate here. By contrast, in
areas regularly swept by strong currents the finer sediments are swept away,
and only coarse sand and shell remain as the bottom pavements. Since large
quantities of river-borne materials are deposited in estuarine areas, estuaries
are often characterized as sediment and nutrient traps. Typical habitat
features of estuaries include shallow mud flats, sand bars, oyster reefs,
submerged grass flats, and marginal saltwater marshes and swamps.

Due to the general shallowness and the action of wind, waves, and water
currents, the waters of estuaries frequently become thoroughly mixed. At
such times the bottom sediments become resuspended, transported, and redeposited.
When much sediment is in suspension light penetration is low. The turbidity
of estuaries is quite variable, but on the average, it tends to be high.
Despite the presence of much organic matter the dissolved oxygen levels of
estuarine waters are also generally quite high. This reflects, to some extent,
oxygen supplied by the vegetation during photosynthesis, but to a much greater
extent, oxygen supplied from the atmosphere and that brought in by the saline
bottom waters entering from the ocean. Anoxic conditions are rare in estuaries,
but they are known to occur in some of the southern waters during the late
summer when a combination of high temperature, low flushing, and megligible
wind disturbance combine to create a high oxygen demand while reducing the
oxygen availability.

Through the daily and seasonal accumulation of sediments estuaries tend
to fill up and become, as it were, constipated. This tendency is countered
by strong flushing which occurs regularly when the river brings down flood
waters and irregularly when coastal storms sweep much of the accumulated material

seaward. This periodic catharsis is essential both to the maintenance of the
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estuary and to the nourishment of the marine system of the adjacent continen-
tal shelf.

Considering the variety of processes and features which interact to
produce the physical environment, estuaries are quite diverse in their specific
characteristics, each being distinct’from all others in terms of factor com-
bination, rate intensity, and seasonal pattern of occurrence. Even within a
given estuary the factors vary from place to place and from one time to another.
Nevertheless, for a given estuary there is a certain predictability in the
kinds of habitat types that will be available and a certain seasonal, monthly,
and daily regularity in the patterns of factors and their variability, All
evidence indicates that the biological inhabitants of a given estuary are
genetically attuned to and dependent upon the particular suite of variables
associated with the personality of the estuary in which they reside.

Certain other aquatic coastal features are often associated with estuaries
and deserve brief mention. These are bays, lagoons, and the continental shelf,
Bays are coastal indentations which lack significant rivers at their heads.
They are subject to tidal and coastal wind action, but the salinity tends to
be nearly or actually that of sea water. Lacking a major source of land-
derived sediment, the bottoms tend to be largely sand and shell, rather than
terrigenous clay and silt.

Lagoons are semi-enclosed coastal waters which are more than just ex-
panded river mouths, although rivers may enter them. They form by impoundment
behind barrier islands and extensive deltaic deposits of rivers which have
built out into the ocean. When extensive they may be called sounds. Saline
lagoons are often sites of extensive sediment deposition, and their waters
may support dense beds of submerged grasses or they may grade gradually into

marginal marshes or swamps. Flushing is frequently poor, and if evaporation
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exceeds the rate of freshwater inflow, the salinity may rise to levels con-
siderably in excess of that of sea water. Such enviromments are called

hypersaline lagoons.

The term sound loosely refers to rather open, coast-related bodies
of water. It may be used for an open estuary (Pamlico Sound), a fjord-like
arm of the sea (Puget Sound), a passage between an island and the sea (Long
Island Sound), or an arm of the sea bounded by many islands (Mississippi
Sound). Sounds exhibit many properties in common with estuaries, but the
salinities are generally much higher than those normally encountered in
estuaries.

The continental shelf is the submerged margin of the continent beyond

the barrier beach and extending seaward to a depth of about a hundred fathoms
(six hundred feet). The shelf is generally a flat plain with rather gentle
slope seaward to the shelf break. Thereafter, the bottom becomes steeper as
the continental edge plunges to the ocean deeps. Continental shelves of the
United States may be only a few miles wide, as in the Pacific, or they may
extend for over a hundred miles, as in the Gulf of Mexico. They are typically
floored by sand admixed with other materials. Near river mouths and in areas
with little bottom current fine clays and silts may be prominent, but in areas
swept by strong bottom currents large quantities of coarse shell fragments

are encountered. Rocks and gravel occur on northern shelves, formerly influenced
by continental glaciers, and coral and calcareous algal debris are often
associated with reef development on tropical shelves. Bottom water current
patterns of continental shelves are important in determining specific local

environmental conditions, but only in a few cases are these well understood.

Coastal marshes, swamps, and grass flats - Saltwater marshes develop on

relatively flat terrain between the limits of normal high and low tide of
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protected bays, estuaries, and lagoons. They are dominated by a few species

of tall emergent reed-like vegetation which are tolerant of rhythmic submergence
and saline conditions. The water may be nearly fresh or nearly marine or

highly variable in salinity, and flushing occurs with each tidal cycle. Within
saltwater marshes there is a gradual build-up of organic peat deposited by

the vegetation itself. Highly dendritic tidal creeks dissect the marshes and
serve as avenues of entrance and egress of the tidal waters which alternately
flood and drain the marshes. Because of their adaptations to the intertidal
zone, salt marshes are highly sensitive to even minor change in water levels.

A saltwater swamp is an association of mangrove trees which grows in the

sea or in the water of sheltered bays and estuaries of subtropical regioms.

The average water depth may be from a few inches to about four feet. Extensive
prop root systems reduce the action of waves and tidal currents and produce

a characteristic set of internal envirommental conditions. Water flow is
greatly reduced. Sedimentation is high, and much organic matter accumulates.
Oxygen levels are low, and the enviromment is in many respects similar to that
of anaerobic submerged soils. Strong gradients in oxygen content and other
factors exist from the periphery to the interior of the swamp. In some cases
saltwater swamps grade inland into saltwater marshes.

Grass flats or submarine meadows consist of a few species of grasses

which are tolerant of continual submergence in salt and brackish waters. They
are normally found from the low water line to a depth of about three feet,

but they may extend considerably deeper in very clear waters. Although seldom
found in very strong current, they are most luxuriant where there is moderate
flushing. The long flat blades of the dense beds protect the bottom from
erosion, and extensive deposition creates a substratum of finely particulate,
high organic muds. Sufficient water penetrates the beds to maintain high

oxygen levels in the water above the bottom.
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This brief resume of the water, soils, and aquatic environments of the
United States most affected by construction activities lays considerable
emphasis upon the physical processes which take place, and especially upon the
interaction between water and soil. Chemistry is introduced only to the extent
necessary to lay the basis for interpretation of human influences to be dis-
cussed later. Biological development and ecosystem function in relation to

water and soils will be taken up in the following chapter.
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Chapter 2

THE BIOLOGY OF NATURAL AQUATIC SYSTEMS

Human activities have exacted a frightening toll on the native plants
and animals of the United States. Records are far from complete, but by
1966 it was clear that 327 native vertebrate animals, including 87 different
kinds of fishes, had already become extinct or were in danger of becoming so
(Bureau of Sport Fisheries and Wildlife, 1966). Uncounted thousands of local
populations have disappeared, and many others are threatened. Although a variety
of human-induced factors are involved, clearly the chief cause is habitat
elimination and disturbance. In certain streams of the east and midwest,
influenced by acid mining wastes, every living thing has been annihilated
(Parsons, 1968). Dams and other stream disturbance has all but destroyed the
Atlantic salmon runs of the New England coast. Silt and sediment from logging
operations have destroyed riffle habitats of many western streams, eliminating
the animal populations and destroying the eggs of trout and salmon (Cordomne and
Kelly, 1961). Flooding of wetlands behind dams of the Great Plains has elimin-
ated habitat types and habitat diversity (Neel, 1963).

To understand human impact upon the native aquatic species and wetland
ecosystems it is necessary to examine the biological systems themselves, the

conditions of life which they require, and the nature of biological variability.
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Living Systems

All life is an expression of two phenomena, organization and work. Although
analytically distinguishable, in a practical sense these are really only two
aspects of the same phenomenon, the functioning biological system. Organiza-
tion is the structure of life, the composition of chemicals into cells, these
into tissues and organs, and these in turn, into functioning organisms. In

like manner the individual organisms comprise groups called populations. Groups

of populations make up species, and groups of species functioning together
form communities. Living communities and the environments, with which they
exchange materials and energy, together make up ecosystems, which are the
basic functional units of ecology.

To maintain 1life all living systems must constantly perform work -
chemical, mechanical, electrical, and so on. The work of life is called
metabolism. Since work requires the expenditure of energy, plants and animals
need constant energy inputs to remain alive and healthy. Most plants obtain
their energy from the sun's radiation which they absorb by means of the green
chemical, chlorophyll. The chemical energy derived from radiant energy may
then be used to fuel all work functions of the plant, and subsequent work is
performed through sequences of chemical transformations. No energy change is
completely efficient; however, some of the energy at each step being lost is
non-useful energy in the form of heat. Additional energy is discarded with
waste products. It .s for these reasons that living systems must constantly
renew their emergy supplies. Animals, certain lower plants (fungi), and many

microbes lack chlorophyll and cannot transform sunlight into chemical energy,
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and these forms must obtain their energy supplies, directly or indirectly,
from chemicals manufactured by green plants. A few bacteria also obtain
energy by reducing inorganic chemicals.

In order to create and maintain states of highly complex internal organ-
ization, all living systems must obtain from their enviromments certain specific
chemicals, in quantities which are sufficient, and in forms which are useful
(Figure 2.1). All organisms require water. Plants, additionally, require
carbon, phosphorus, nitrogen, sulfur, sodium, potassium, and calcium in quantity,
as well as a variety of other elements in smaller amounts. The chemical
elements required by plants are generally most useful in the form of water-
soluble salts, such as the sodium, potassuim, or calcium salts or nitrates,
phosphates, and sulfates. Animals require about the same chemical elements
that plants do, but some of the elements must be in the form of organic mole-
cules such as carbohydrates, lipids (fats), proteins, and vitamins. Gaseous
oxygen is required in quantity by most living organisms, but some microbes can
obtain their oxygen supplies from other sources.

The two most fundamental processes of living systems are photosynthesis

and respiration (Figure 2.2). Through photosynthesis green plants utilize
solar energy to chemically reduce carbon, which may then be combined with
water to form carbohydrates. These may be further combined with nitrogen,
phosphorus, sulfur and the other substances to produce the vast array of
chemical compounds which make up the structure of living systems and through
which metabolic work is performed. Proteins, carbohydrates, lipids, and other

classes of compounds containing reduced carbon are called organic molecules.

These are high energy compounds which may be oxidized to low energy forms, such
as carbon dioxide and water, with the release of the bound energy. The chemical
oxidation of organic compounds is called respiration, and this involves two basic

steps, anaeorbic and aerobic respiration. The former step, although called
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oxidation, does not actually require oxygen, but the latter step does. When
products of anaerobic respiration accumulate in the environment,.as occurs
regularly in the anaerobic layer of submerged soils, an oxygen deficit or oxygen
demand is built up. As noted elsewhere, many of the products of anaerobic respi-
ration are toxic to higher forms of life, especially when they are present in
high concentrations.

All living organisms produce waste products which they release into the
environment, and if these wastes accumulate they also may become toxic to the
organisms producing them. Therefore, wastes must be removed or decontaminated
or else the organism must move to a new area. Chemicals which are toxic for
one species may not be poisonous for others, but certain chemical wastes are
toxic for most living forms, and these include, for the most part, the partially
oxidized breakdown products of organic matter (methane, hydrogen sulfide, many
organic acids, aldehydes, and ketones, among others) which accumulate in
anaerobic soils.

All living systems are envirommentally sensitive, i.e., they possess
mechanisms for constantly testing the quality of their environments for both
beneficial and harmful substances and situations. All organisms are capable of
responding to envirommental information, either through metabolic changes or
by overt begavioral acts such as aviodance. Living systems, in fact, are far
and away the most sensitive indicators of envirommental information on earth,
and for certain purposes they are much superior to human instrumentation.
Unfortunately, we are only partially aware of the information which they are
capable of providing, and this is a fruitful area for future envirommental

quality research.
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The Environment of Life

Limiting factors - The ability of an organism to survive within a given en-

vironment depends upon two conditions, the requirements of the organism and
the offerings of the environment. With respect to most physical and chemical
factors, life cannot tolerate extreme conditions. It is adjusted to survive
only within an intermediate range, which is referred to as the range of
tolerance (Figure 2.3). The organism displays a separate range of tolerance
for each one of the environmental factors, and any factor which approaches or

exceeds this range is said to be a limiting factor. In the case of tempera-

ture, for example, most organisms cannot survive temperatures as low as ab-
solute zero or as high as that of boiling water. If the temperature becomes

too hot or too cold (i.e., if it exceeds the maximum or minimum limits of

tolerance) life will cease to exist, regardless of the levels of moisture,
oxygen, phosphorus, or other factors.

The individual environmental factors do not operate entirely independently
of one another, however. When the organism is under stress from one factor,
its limits of tolerance for certain other factors tend to be reduced. Factox
interaction is responsible for the fact that the limits of tolerance are not
sharp points, but '"fuzzy'" areas. For terrestrial plants, a combination of
high temperature and low soil moisture is especially bad, because high temper-
ature accelerates evaporative water loss. If there is a strong wind, the water
loss increases further, and so on. The ranges of tolerance and the limits of
tolerance are not the same for all types of organisms. Some have very broad
and some have very narrow ranges of tolerance. In some cases the limits of
tolerance are toward the high or the low end of the scale, whereas in other

cases it is mnear the middle.
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Physiological ranges of any organism with respect to
a given environmental factor. The range of tolerance
may easily be visualized in relation to temperature
or to iodine availability. Beyond the maximum and
minimum limits of tolerance the environmment will be
too hot or too cold to support life. Similarly, io-
dine may be present in toxic amounts, or it may be

s0 scarce that living systems, which need some iodine,
cannot exist.
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Habitat - The place where an organism normally lives is called its habitat,

but the concept implies more than just locality. It includes the ranges and
seasonal occurrence of environmental events which characterize the locality.
Since the organism does make a successful living and produce progeny in its
normal habitat, the concept also implies genetic adjustment to the prevailing
conditions through long evolutionary time. De facto the organism is genetically
adapted to remain alive, well, and fully functional in its normal habitat,

otherwise its race would have perished long ago.

Environmental stress - Within the total range of tolerance of the individual

organism there lies a narrow zone, often near the upper end, called the optimum
range, where the system functions at peak efficiency and is most productive.
Between the optimum range and the upper and lower limits of tolerance lie the

upper and lower zones of stress., Within these zones the system is placed under

a special burden, and the closer to the limits of tolerance, the greater the
penalty exacted by the enviromment. The strain placed upon the system is
referred to as stress.

Biological systems have developed many mechanisms for adjusting to
stressful situations. Some of these are generalized responses to stress
itself and come into play regardless of the nature of the stress agent. Others
are quite specific responses directed toward the handling of the particular
problem. A fair amount of information is available concerning specific stress
responses in plants and animals, but considerably less is known about general-
lized responses, except in the higher animals. Considering the semsitivity
of biological systems to environmental conditions and the complexity and
diversity of their responses to suboptimal conditioms, stress responses should
provide an important means of assessing environmental quality. This matter

will be examined in some detail in a later section.
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Population Biology

Life history and behavior - During the span of its life every organism passes

through a series of stages which, collectively, make up its life history

(Figure 2.4). For many species the life history is a relatively simple matter
of growth and maturation as the individual passes from young to juvenile to
reproductive adult. In other species the young period consists of a sequence
of larval stages which differ from one another in body form. Whether the life
history is simple or complex, however, the several stages may be quite distinct
in life style, environmental sensitivities, and habitat requirements. Basi-
cally, the life histories of all species are adjusted to the seasonal program-
ming of environmental conditions of their normal habitats, and any significant
deviation from the normal pattern places the group in jeopardy. For the great
majority of species the most sensitive life history periods are those associated
with reproduction and early development.

Organisms in groups must respond to the physical environment and to each
other in ways which will enhance group survival, and this is particularly
true in animal populations. To accomplish group coordination the individuals
are sensitive to a variety of important cues or signals which elicit appro-
priate behavioral responses. Such cues may be chemical, visual, auditory, or
tactile (touch) in nature; more often they include a combination of these.
Some cues are provided by the physical environment. These are especially
significant in coordinating events leading to successful reproduction, but
they may also be important in relation to feeding and migration. In other
cases the cues are provided by other members of the same species, and these
may be important in day-to-day behavior, as well as during critical periods
such as migration and reproduction. The environment plays a significant role

in determining whether or not such cues may be properly given and received.
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Life history of the brown shrimp showing the
sequence of stages passed through from egg to
adult (details abbreviated). This is an ex-
ample of a complex life cycle. Simple life
cycles may skip the larval stages and pass di-
rectly from egg to juvenile stages.



40

From the above considerations it is clear that the 1life history and behavior
are dependent in many ways upon both the quality and seasonal events of the

normal enviromment. This is especially true for aquatic species.

Population variability - The population is a group of organisms of the same

species which live in the same habitat and which breed together. This inter-
breeding unit shares the same common pool of genetic material which gets
reshuffled or recombined at each generation, but which persists through time
so long as the population itself remains intact. Individuals of a population
share most of their genetic material in common, and so they are basically
alike in most structural and functional characteristics. The individuals are
not identical, however. Each contains only a sampling of genetic material
from the common pool. Hence, each is somewhat unique in its genetic consti-
tution and, therefore, in details of structure, function, environmental re-
quirements, optimum, range and limits of tolerance, and so on. This variation

around a theme, or population variability, is the essential feature of the

population and the factor most critical to its survival, It allows the species
to meet the enviromment as a group, and even though some individuals may fail,
the group persists to insure genetic continuity of the race. High genetic
variability provides group flexibility in meeting unpredictable or variable
conditions. It 1s associated with mosaic habitats and environments with
variable or unstable conditions. Genetic variability tends to be low in
monotonous habitats and in enviromments with highly regular and stable con-

ditions.

Selection - At every generation the environment monitors the quality of the
genetic material of each population, and it weeds out that material which is

non-adaptive, i.e., which does not fit the individuals to the environment,
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This constant process of genetic editing by the environment is referred to
as selection. When carried out by the natural enviromment it is referred to

as natural selection; when consciously employed by man to improve the genetic

quality of domestic strains of plants or animals it is called artificial

selection. There is as yet no generally accepted term for the inadvertant and
often unknown selection which occurs in wild populations subject to the various
influences of civilization, and for convenience in the present discussion this

process will be referred to as cultural selection. Whether natural, artificial,

or cultural, all types of selection reduce the variety of genetic material
available in the common pool. Another aspect of selection is that it is
directional, For example, starting with a cross-section of the human popula-
tion, through selective breeding one could produce a strain of giants or
dwarfs, of fine tenor voices or deaf mutes, or of perfect physical specimens
or disease-prone individuals. The effects of selection upon population

variability are illustrated in Figure 2.5.

Genetic exchange between populations - Under natural conditions two factors

normally operate to counter the loss of variability due to selection. These
include mutation and genetic exchange with other populations of the same
species. Mutations are fundamental changes in small units of genetic material.
In effect, they are mistakes or failures of genetic material to duplicate
itself exactly. Hence, most mutations are non-beneficial, but occasionally

a mutation occurs which is adaptive. The mutation process is so slow and the
frequency of beneficial mutations so low that significant genetic improvement
by this means alone would take thousands of years. Through geologic time and
over the space of the earth, mutation has been a very important evolutionary
force, but on short time scales and for individual local populations it may

generally be ignored.
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Direction
of
Selection

Figure 2.5.

The effects of selection upon population variability.
In the top figure, beginning with an initially varia-
ble population (A), one could produce extreme popula-
tions (B) or (C) or anything between. 1In the bottom
figure strong selection from the right would produce
a population of extreme characteristics and reduced
variability (D).
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As interbreeding units, naturally-occurring populations are largely or
completely isolated from one another. However, as a general rule, some

genetic exchange does take place between neighboring populations on a regular

or sporadic basis, periodically introducing alien genetic material to be
tested in the new environment. Genetic exchange is an important mechanism
for maintaining population variability, even on very short time scales
(Figure 2.6).

Though based upon studies of only a few species, the basic principles
of genetic and population variability in relation to natural envirommental
conditions are fairly well established. However, we are vastly ignorant of
the specific genetic properties of most wild populations, even though the
techniques for their study are now readily available. Considering the fact
that civilization is rapidly stabilizing, regularizing and monotonizing
habitats, creating various and unknown forms of cultural selection, and
establishing barriers to genetic exchange, there is a critical need for
research into the specific effects of such activities on the genetics of many

wild populations.

The genetic concept of species - A species is a group of populations which are

actually exchanging genetic material with one another or which are potentially
capable of doing so. It is the greater genetic pool, the aggregate of all

the population genetic pools. Each species on earth represents a unique array
of genetic materials, self-perpetuating through time, and adapted to the
prevailing local set of envirommental conditions. Under normal conditions
different species do not exchange genetic material with one another because of
genetic or environmental barriers to hybridization. However, if the environ-

mental barriers are removed, interspecies hybridization does sometimes occur.
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Figure 2.6. Populations as interbreeding units with limited

genetic exchange. Individual populations (A-D)
occupy different geographic ranges and are essen-
tially closed breeding units. However, occasional
genetic exchange between adjacent populations
(indicated by arrows) does take place.
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Hybrid "swarms," i.e., populations of mixed genetic origin, are most often

found in association with areas of human disturbance.

The Biological Community

Composition and pattern - The biological community is an aggregate of species

which occupy the same habitat and which interact with one another to produce

a rather stable functional system. The structural units are populations of
the individual species, each of which displays a unique set of characteristics.
Through evolutionary time the body forms, requirements, and life history
patterns have become genetically adjusted so that, on the whole, the species
making up the community are mutually compatible. Although there is competi-
tion and day-to-day violence, the long-term result is survival and coexistence.

Natural selection works to minimize competition, with the result that,
taken together, the life styles of the individual species of a community re-
present a carefully adjusted "least work' solution to the long range resource
utilization problem. For a given situation the solution must take into
account the prevailing physical, chemical, and biological constraints. There-
fore, it is a locally unique solution, and all communities are different in
detail. However, since there are major commonalities in the constraints,
as well as certain limitations posed by organization, per se, the solution
horizon is itself limited, and all communities exhibit the same basic organi-
zational patterns.

From a structural standpoint all communities exhibit patterns of vertical
stratification or a layering effect. 1In a forest this may include the upper
canopy, several intermediate layers, the ground surface, and the subsoil root
zone (which itself is vertically divided into several horizons). In aquatic

environments it may include the water surface, several layers of intermediate
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water, the aerobic bottom surface layer, and the sub-bottom anaerobic zome.
Communities also display horizontal patterns in the spatial distribution of the
various components, i.e., of species or groups of species. Such patterns may
reflect topographic or other irregularities of habitat conditions. For

example, in prairies and other open country, north-facing slopes of even

gentle hills receive less sunlight, experience less evaporation, and retain
more ground moisture than do south-facing slopes. Forests typically have slight
elevations which tend to be drier and depressions which tend to retain moisture.
Within streams, riffle and pool stretches may altermate. Individual species
are highly sensitive to and are often dependent upon even slight environmental
differences, and they tend to congregate and flourish where the habitat con-
ditions are most favorable. Within the favorable habitat, however, the
individual organisms of a given species tend to exhibit characteristic spacings
with respect to one another. Some prefer proximity and are found in clumps,
herds, and schools. Others are intolerant of close association and space
themselves out with regularity. Yet others may appear to be strewn across

the landscape, sometimes together and sometimes apart, as if at random.

Another important aspect of community structure is the species composition.

This reflects the availability of species to invade an area and also their
ability to survive, once they arrive. The nature of the community derives

from the collective natures of the individual component species, but in terms
of the system, as a whole, they are not all of equal importance. Some, because
of size, abundance, or critical activities, are pervasive in their influence,

and these are called the dominant species. A redwood forest without redwoods

would be a totally di: .erent system, as would an oyster reef without oysters
or a saltwater swamp without mangroves. From a statistical standpoint it is

useful to consider a community in terms of its species diversity, i.e., the
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number of species inhabiting the area. Specles diversity reflects a variety

of factors including the size and complexity of the habitat, relative rates

of species invasion and extinction, presence of developmental and disturbance
areas, and evolutionary age of the system. Important in the present connection
is the fact that rapid decline in species diversity is often associated with

community stress.

Species interaction and nutrient relatiomns - The species which make up the

community interact with one another in various ways. As shown in Table 2.1,
the relationships between any two species may be casual or rather regular,
beneficial or harmful, necessary or unnecessary for the survival of one or
both of the interacting species. Details are often subtle and complex, and
the life histories of many species revolve around such relationships.

These species-pair interactions fit together to form larger functional
patterns involving large segments or all of the community, and of especial
importance are those interactions which involve the flow of nutrients through
the system, The simplest pattern of nutrient flow is the food chain (Figure
2.7) where the organic material produced by green plants is transferred by
several eat-and-be-eaten steps to herbivores and two or three carnivore
levels. In most communities the situation is far more complex, but based upon
the same principle. 1In the food web of complex communities a number of species
occupy each of the levels., 1In such a web each species is capable of utilizing
alternate food resources so that a failure of one or a few species generally
does not lead to the collapse of all higher levels.

The quantity of living matter or standing crop is generally greatest at

the lowest or producer level, and the standing crop decreases with each sub-

sequent step. There is also a tendency for the number of individuals and the
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Table 2.1. Types of interaction between populations of two different

species.
Name of
. . General result of interaction
interaction
Mutualism - Interaction is beneficial to both populations, and

each is required for the survival of the other.

Protocooperation - Interaction is beneficial to both, but not required

for survival of either.

Commensalism - Interaction is beneficial and required for one, but

other not significantly affected.

Neutralism - Neither population affects the other.

Amensalism - One population is inhibited by the interaction; the

other is not affected.

Competition - 1Interaction which affects both populations adversely.
When severe, it may lead to the elimination of the

poorer competitor.

Parasitism - Interaction which is beneficial and necessary for
one, but the other is adversely affected. Parasites
are generally smaller than their hosts, and they do

not generally kill the host.

Predation - Interaction which is beneficial for one, but the other
is adversely affected. Predators generally do not
depend upon a single prey species, but are capable of
"shopping around.,'" Predators are generally larger than

their prey and often kill their prey.
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number of species to decrease from lowest to highest level., These relation-

ships have given rise to the concept of food pyramids. Each consumer level

eats only a portion of its potential food supply. Of that which is consumed,
part is lost by the food organisms as respiration, and the remainder dies and
undergoes microbial decomposition. The decomposers together with the dead

organic matter constitute a very complex mixture of material known as organic
detritus. This material serves as a major food source for many soil animals,

and it is especially important in aquatic food webs.

Community development and recovery from disturbance - It is the nature of

biological systems to invade bare geological features of the earth and to
develop thereon stable biological communities. The processes through which
this takes place are collectively referred to as community succession. It
begins when a few hardy pioneer species gain a foothold, and it terminates

with the establishment of the climax community which is more or less permanent

and in equilibrium with the regional climatic regime. Between the invasion and
climax stages lie a series of intermediate developmental stages, one following
upon another in a regular and generally predictable way. FEach stage is
characterized by a set of species adapted to the particular transitory conditions
in the overall scheme of community development. Each set of species modifies
the soil conditions so that the environment becomes more suitable for the next
stage which eventually replaces the preceding set. Early stages of succession
are highly dependent upon the nature of the original substratum (such as bare
rock, sand, gravel, mineral soil, or water), but with progressive development
the community builds up its own organic-rich soil which reflects, not the
nature of the original bare area, but the vegetation and the regional climate.

Therefore, within a given climatic zone all successional stages lead toward
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the same regional climax community (although some may require many years to

reach the climax stage).
Community development which begins on bare geological features is called

primary succession. That which begins on an area where the soil is already

organically developed (such as an abandoned farm field) 1s referred to as

secondary succession. Secondary succession takes place after a forest fire

or when a giant tree falls in the forest leaving a break in the canopy.
Secondary succession is a rapid process, and it is the community's way of
recovering from various forms of natural disturbance. Both primary and second-
ary succession depend upon the availability of those species characteristic

of the early and middle stages of succession which are adapted to survive in
ephemeral environments. Therefore, protection of the community's ability to
recover from various forms of human disturbance will involve perpetuation of
the important tramnsition-stage species. Minor surface disturbance will require
secondary succession species, but areas from which the topsoil has been re-
moved must undergo the long-range primary succession process. If the mineral
concentration layers of the soil are exposed, organic development will be
particularly slow. For expediting the recovery of terrestrial communities, the

importance of retaining topsoil cannot be overemphasized.
The Ecosystem

Biological communities are in functional continuity with the immediate
physical environment: the soil, the surface and subsurface waters, and the
surrounding atmosphere. The biological community together with the physical
environment with which it is in intimate contact is called the ecosystem,

and this is considered to be the basic functional unit of ecology. Through
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this system minerals and other nutrients are recycled, and energy is passed,

and all the component species are able to survive.

Nutrients and biogeochemical cycles - The chemical elements which are essential

components of living systems are called biogenic elements. These chemicals

are obtained from the physical environmment by green plants, and after passing
through food chains they are returned again to the enviromment. At a later
date they may reenter the food chains in an endless recycling process involving
the living and non-living portions of the ecosystem. Such cycles are referred

to as biogeochemical cycles.

Since each chemical element possesses unique properties, the precise
nature of its own recycling adventure is also distinct. For most of the
chemical elements the quantity in the non-living state at any one time far
exceeds the amount in the living state. Some of the material may pass tempo-
rarily out of active circulation because it is locked up in a nonusable chemical
or physical form or because it has become deeply buried or passed to a location
where it is unavailable to the community. Much of the material from such
reservoirs eventually passes back into active circulation.

Two basic types of biogeochemical cycles are recognized, sedimentary and

gaseous cycles. Sedimentary cycles are those in which the atmosphere is not

involved in a major way, i.e., the primary reservoirs are the soil, rocks, and
water. Most of the biogenic elements pass through sedimentary cycles. Gaseous
cycles involve reservoirs in the soil, rocks, and water but also in the atmo-
sphere. Carbon, hydrogen, oxygen, and nitrogen are the chief elements which
have gaseous cycles. As noted in the previous chapter, hydrogen and oxygen,
combined as water, pass through the hydrologic cycle. Water and carbon

dioxide are necessary for photosynthesis, and oxygen is essential for aerobic

respiration. Gaseous nitrogen is not directly available to most organisms,
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but a few important nitrogen-fixing microorganisms can oxidize nitrogen gas
to form nitrites and nitrates which then become available to the green plants.
None of the biogeochemical cycles is perfect. Some leakage takes place,
primarily through erosion and ground water transport to streams and eventually
to the sea where the chemicals are effectively lost to the major ecological
systems of value to man. However, most natural ecosystems are characterized
by rather tight cycles in which leakage is minimal, often less than the rate
of storage and replacement from the major reservoirs. Through construction,
agriculture, and other activities man has opened the floodgates on many of the
biogeochemical cycles, and at the present time loss far exceeds the rate of

replacement. Most of this loss occurs through erosion and runoff.

Energy flow through ecosystems - Energy is the ability to do work. It may be

transformed from one state to another, but at each transformation some of the
energy is, for all practical purposes, lost, i.e., it is converted to heat
energy which eventually dissipates into the surroundings and is no longer
available or useful for ecological systems. Thus, a given amount of energy
which enters the community through photosynthesis becomes dissipated through
respiration as it passes up the consumer food chains and ultimately through
the decomposers. If the photosynthesis and respiration of the community are
equal (P/R = 1) organic matter is being used up as fast as it is being produced,
and there is no net gain. If photosynthesis exceeds respiration (P/R > 1),
organic matter is accumulating, and the system is storing energy. It has
been found that during the developmental stages of community succession the
ratio exceeds one as organic matter accumulates in the process of soil forma-
tion, but when the climax stage is reached, the ratio tends to approach unity.
In dealing with the flow of energy through food chains it has been found

useful to distinguish between plant and animal production, i.e., between
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primary and secondary production. The rate of primary production may be

controlled by the availability of light, nutrients, or water. For a given
light regime the moist lowlands are far more productive than are the dry or
upland areas, and the highest production rates known occur in those communities
which develop around river mouths at sea level. These include alluvial plain
forests, coastal marshes and swamps, and estuaries (Figure 2.8). These pro-
duction rates reflect the abundance of moisture as well as the availability

of erosion-derived nutrients which are deposited downstream,

Closed vs. open ecosystems - On the basis of functional independence one may

distinguish between two basic types of ecosystems, the closed and the open.

The closed ecosystem depends upon local photosynthesis for most of its nutrient
supply, and its chemical cycles are relatively tight. It is a self-sufficient
system with only minor imports or exports. Forests, grasslands, and most

lakes conform to this pattern. By contrast, the open ecosystem is one in

which exchange processes are important. It may receive or export significant
quantities of organic matter, nutrients, or transient organisms. The ultimate
open system is the stream which is basically a flow-through system, but the
estuary, floodplain, coastal marsh and swamp, as well as the nearshore conti-

nental shelf are all fundamentally open systems.

Ecosystem stability - It has been noted earlier that succession proceeds to

the climax stage in which the community is demonstrably stable over very long
periods of time. This is the so-called '"balance of nature" which is widely
recognized among practicing ecologists but poorly understood. The concept
applies primarily to closed ecosystems. Certainly, the stability reflects a
dynamic equilibrium between rates of production and utilization (photosynthesis

vs. respiration, among others), but it also reflects a stable nutrient supply,
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a reliable moisture regime, and an internal balance in the population levels
and species interaction phenomena. This stability results from millions of
vears of evolutionary research and development, as it were.

Stability in open ecosystems is not quite the same. Swamps and marshes
are transitional stages in succession from water to land, and they are highly
sensitive to changes in water level. Stability in these systems may be thought
of as steady rates of successional development in areas where the mean water
level is steady or shows only gradual change, Much the same is true of the
floodplain community., Estuaries and lagoons may £fill over longer periods of
geological time, but they are relatively permanent, as are streams and the
nearshore continental shelf, Streams, estuaries, and the shelf all depend
upon nutrient input from adjacent land or upstream. So long as the rates of
erosion, organic matter input, water flow, etc. remain reasonably constant
these aquatic systems will display an induced stability. Considering their
sensitivity to drought, flooding, nutrient enrichment, excess sediment load,
etc., they seem geared to respond to prevailing conditions., It has been
suggested that such systems are constantly seeking equilibrium with transient
conditions. Only in the long-range sense can really open systems be considered
stable. On a day-to-day and week-to-week basis they must change in response

to external controlling factors.

Natural Aquatic Systems

Within a given drainage system many types of wetland habitats exist.
These may be thought of as individual isolated habitats or as functional parts
of the larger aquatic system, Both points of view have important biological
validity. For individual organisms the local habitat conditions are paramount

in determining success on a day-to-day basis, and characteristic aquatic
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community types develop in response to the prevailing sets of habitat condi-
tions. As shown in Figure 2.9, each habitat is characterized by its own
internal food chains involving producers, several types of consumers, and
decomposer organisms. Within each habitat the biogenic elements cycle and
recycle through the local system. However, since the aquatic environments are
really open systems, import-export phenomena are quite important aspects of
their metabolism,

From a broader view, the individual habitats are physically and func-
tionally related in a rather regular pattern based upon the downstream hydro-
logical regime discussed in the previous chapter (Figure 2.10). Through
seepage or surface runoff inorganic materials enter the aquatic systems.
Organic matter is derived from internal production and from floodplain leaf
litter washed in, primarily during flood time or when there is heavy rainfall
(the "gully washer'" and "trash mover" of local parlance). These inorganic and
organic materials, which may enter the aquatic system at any level along the
water course, are transported downstream and eventually to the sea, but along
the way they may experience long layover periods in one habitat or another.

A point which must be stressed is the fact that open aquatic systems depend
greatly upon the import of leaf litter from neighboring and upstream flood-
plains. Deprived of this source of nourishment the aquatic systems become
impoverished. The interconnectedness of habitats within the drainage system
also means that individual organisms have access to all parts of the system,
and life histories of individual species are built around the strategy of
multiple occupancy which requires unimpeded access from one habitat to another.

The discussion of the biology of individual aquatic habitats will be
facilitated by the use of a few technical terms. These terms are defined

below and illustrated in Figure 2.11,
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Plankton includes the microscopic plants and animals (bacteria, unattached
algae, and small invertebrates) which are transported from place to place by
the water currents. Plankton is characteristic of still or slow-flowing waters
since swift or turbulent flow tends to destroy the organisms and to result in
their eventual precipitation to the bottom.

Nekton includes the larger free-swimming animals (fishes, frogs, turtles,
snakes, larger invertebrates, etc.) which have considerable powers of locomotion
and which can move about on theilr own despite the water currents.

Benthos includes the organisms of any size which are associated primarily
with the bottom. These may be buried in the bottom, attached to bottom surfaces,
or freely-moving about the bottom surface.

Attached algae are the simple and often microscopic plants which are

attached to some hard substratum such as rocks, sticks, and leaves of larger
aquatic vegetation.

Rooted vegetation includes the array of larger higher plants which are

rooted in the bottom muds. They may grow as emergent, floating-leaved, or

submerged forms.

Streams - Most streams exhibit three basic types of habitats: riffles, pools,
continuous flow sections (Figure 2.12)., Small upland and steep-gradient
streams generally have alternating stretches of riffle and pool habitat,
whereas the continuous flow sections are normally associated with larger, low
gradient, downstream sections of rivers, Riffles are built physically of
large particles (boulders, rocks, pebbles, and gravel) and have large inter-
particle spaces allowing for free water circulation throughout. The internal
oxygen supply is high, and it may extend to the depth of a meter or more.

Current-borne leaves, twigs, and branches lodge in the riffles and provide a
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long-term food source for the riffle inhabitants. A variety of attached

algae grow on surfaces exposed to sunlight, providing an additional food

source. Riffles support complex and productive animal communities which in-
clude primarily worms, snails, crustaceans, and aquatic insects. Riffle animals
require highly oxygenated water for survival, and within the riffle they are
found to the depth of oxygenated water. Since riffle habitats are characterized
by high flow rates the riffle animals exhibit many structural modifications

for hanging on and for catching food particles which drift by. For reasons

not well understood some of the riffle animals periodically let go and are

carried downstream by the water current, a phenomenon known as stream drift.

Many of the riffle inhabitants are immature stages of insects belong to
species which pass their adult lives flying in the air,

Stream sections between riffles which are generally wider and deeper and
where the water flows much more slowly are called pools. Whereas riffles
may be thought of as the filters of the stream, pools are the settling basins.
Bottoms are composed of finely-particulate silts and muds, and they often
contain much decomposing organic matter derived from upstream and the sur-
rounding floodplains. Marginal vegetation beds are often present, and branches
and brush may be found on the bottom. Both the enviromment and the biological
inhabitants of the pool are distinctly different from those of the riffle,
the pool being in many respects similar to the isolated prairie or woodland
pond. But the pool is not a pond because it is a flow-through system and
because it is influenced by the presence of the adjacent riffles. Pool
animals often forage around the riffles, and sometimes the riffle animals
forage in the pools. Riffle-derived drift organisms are consumed by pool
inhabitants. Riffles serve as spawning areas for many of the pool and down-
stream species, especially the fishes, since the eggs must be bathed by oxy-

genated waters and protected from predation by larger animals.
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As one proceeds downstream and the gradient lessens, the riffles become
less pronounced and eventually drop out entirely. The pool sections become

longer and grade into the continuous flow section which characterizes the

dovmstream portion of the river. This section is related to the pool, but it
is not influenced by riffle areas, and with increasing size, it becomes less
dependent upon the surrounding floodplain. Although a modest plankton com-
munity may be developed, the continuous flow section is a detritus-based
community dependent almost entirely upon decomposing organic matter contributed

by the upstream waters.

Freshwater marshes and swamps - As pointed out in the previous chapter, fresh-

water marshes and swamps develop on soils which are submerged or water-logged
for most or all of the year. These may occur in upland areas as lakes fill

in to become land as well as in the shallow submerged bottomland areas of
floodplains. They are also found in low-lying coastal regions above the usual
extent of saltwater influence where they may be quite extensive. The bottoms
tend to be soft and quite rich in organic matter, especially in the marshes
where the annual crop of grassy vegetation decomposes in place and accumulates
yvear after year. Organic production rates are high, and bacterial decomposi-
tion of the organic matter may result in low oxygen tensions in the water,
especially where the circulation is poor. The water is often acidic and of
brownish color from the high levels of humic acids present. Grasslike marsh
plants grow in clumps and have heavy fibrous root systems to provide anchorage
in the mucky soil. Swamp trees have trunks with swollen bases and shallow
but massive root systems to provide support and anchorage. Bottoms are often
irregular with alternating shallow and deeper water areas, and channels of

sluggish streams or bayous may meander through these low wet areas.
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Marshes are essentially wet grasslands in which the plant species are
especially adapted to the special conditions of submerged soils and water
depth. Individual species and groups of species are arranged in definite
zones relative to water depth (Figure 2.13). Proceeding from shallow to deeper
water one encounters the emergent, floating leaf, and submerged plants.
Examples of each include the following: emergent (reeds, cattails, bulrushes,
sawgrasses, wild rice, sedges, arrowheads, pickerelweeds, and swamp loose-

strife), floating leaf (water lilies, pond lilies, smartweeds, spatterdocks,

and some pondweeds), and submerged (waterweeds, some pondweeds, muskgrasses,
milfoils, coontails, bladderworts, hornworts, naiads, and buttercups).
Filamentous algae may float in clumps and mats among the vegetation or they
may grow attached to the submerged stems and leaves. TFloating non-rooted
vegetation may also be abundant, especially in areas protected from wind
action. This includes duckweeds, water ferns, and in southern waters, alli-
gator grass, water hyacinth, and water lettuce.

Animal life of the marsh is also quite diverse and highly productive.
Included are a great variety of lower invertebrates, as well as snails, insects,
crayfish, fishes, frogs, turtles, and snakes. 1In southern marshes alligators
are found. Birdlife abounds, and the habitat is especially important for ducks
and other marsh birds which utilize the area for nesting, brooding, feeding,
migratory stopover, and overwintering. Mammals are also present including
marsh rabbits, muskrats, and nutria (an introduced South American rodent
similar to the muskrat in habit and in habitat, but limited to southern marshes).

Swamps are essentially wetland forests and are dominated by trees, bushes,
and shrubs, although palmetto thickets, vines, and ferns may also be present
in drier portions of southern swamps (Figure 2.14). The dominant vegetation

includes willows, alders, and buttonbush (in the mnorth), and these together
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the special conditions present in anaerobic soils.
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with bald cypress, pond cypress, black gum, tupelo gum, sweet bay, and swamp
maples (in the south). To these may be added elms, silver maple, slash pine,
pond pine, white pine, white cedar, overcup oak, and water hickory. Due to
the large amount of surface water and the enclosed nature of the forest, the
humidity is quite high. Hence, on the tree trunks, snags, fallen logs, and
upturned roots of fallen trees one encounters mosses, liverworts, lichens, and
fungi, as well as a variety of air plants (bromeliads, Spanish moss, and
orchids) in the south. Animal life includes aquatic insects, crayfish, wolf
spiders, swamp fishes, frogs, turtles, snakes, alligators, and many swamp
birds., Mammals include deer, bear, squirrel, raccoon, bobcat, wolf, otter,
mink, opossum, and other fur-bearers.

Both marshes and swamps are highly sensitive to water level fluctuations
and to saltwater intrusion from coastal waters. Swamps respond to long-term
changes in water quality and water level, but marshes are sensitive to even
short-term modifications. Although not widely appreciated, these shallow-
water enviromments are exceedingly valuable because of their water storage
capacities, soil-water recharge properties, high rates of organic production,
great diversity of wildlife, and value in the production of ducks and fur-

bearing animals.

Riparian enviromments - Riparian enviromments include those areas lying adjacent

to streams and other bodies of water and which are affected by the water body.
Included are floodplains and beaches, together with their related habitats.
Typically, a floodplain will include a graded series of habitat types. Proceeding
from the water these include beach or riverbank, successively higher terraces,

and the main riverbluff. Floodplains often include old oxbow lakes, representing

former stream beds, as well as marshes, swamps, and ponds. As the name implies,



69

floodplains are subject to periodic inundation and silt deposition.

The vegetation of floodplains includes an array of species, most of which
display some tolerance for temporary flooding. Those species found at the
lowest elevations generally exhibit greatest tolerance for flooding and soil
saturation, whereas those at highest elevations show less tolerance. Bushy
willows may be found on sandy islands and shores, but the main trees of the
lower floodplain are the black willow, cottonwood, and silver maple. At
somewhat higher elevations these give way to floodplain forest (dominated
by American elm, sycamore, boxelder, and sweetgum), and in forested regions this,
in turn, may grade into upland forest of oak-hickory, maple-basswood, etc. In
grassland regions the willows and cottonwoods may lead directly into tall
grasses characteristic of the surrounding terrain.

Floodplain animals include a variety of species of worms, snails, insects,
small mammals, waterfowl and songbirds which require the moist conditions and
which can tolerate or escape periodic flooding. Additional species of animals from
the surrounding forests and grasslands (including rabbits, foxes, raccoons, deer,
bear, and many birds) make use of floodplains on a regular basis, and deer are
especially abundant in floodplain forests. In grassland areas the streams and
wet floodplain habitats may provide the only source of drinking water for many
miles.

The value of floodplains and other riparian habitats is considerable. Organic
production is very high, and much of this production will normally be swept by
floodwaters into streams where it forms the main source of nutrient for stream
animals. Wildlife production is very high, and many of the species depend upon
the prevailing habitat conditions. Heavily vegetated floodplains offer consider-
able protection against local erosion and downstream flooding and siltation. 1In
prairie areas floodplains offer important cover, drinking water, and avenues for

up and downstream movement of many wildlife species.
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Estuaries and related coastal waters - As noted in the previous chapter, the

estuary is the shallow expanded mouth of a river prior to its entrance into
the sea. The estuary proper is the open water area which may include mud
flats, sand bars, and oyster reefs. 1In sheltered areas there may be extensive
grass flats. Many estuaries are bordered by extensive salt marshes or salt
swamps, and it is ecologically meaningful to refer to the total complex of
saltwater-related enviromments as the estuarine system.

Estuaries are noted for their high fertility. Chemical nutrients and
particulate organic detritus are transported to estuaries from the river and from
neighboring marshes and swamps, and within the estuary they tend to precipitate
to the bottoms. Estuaries are, thus, known as nutrient traps. Mixing and
stirring by water currents repeatedly resuspends these materials in the water
column, and the estuarine water may be thought of as a thin soup. Due to the
availability of nutrients and the general mixing of the bottom materials and
water, the estuary is marked by very high rates of organic production, especially
in terms of animal life.

As noted earlier, the estuary is characterized by a salinity gradient, and
this gradient is reflected in the distribution patterns of estuarine organisms.
Plants of the open water are, of course, planktonic, and include primarily blue-
green algae and diatoms. Marginal rooted vegetation grades from freshwater to
saltwater species in the downstream series. In estuaries with rocky shores a
large diversity of marine and brackish-water algae may be found.

Estuarine animals fall into three gemeral groups: planktonic inhabitants,

benthic residents, and mobile species. The planktonic animals include those

which pass their entire lives as planktonic organisms as well as those which appear
in the plankton only as the larval forms of benthic animals. Both types are
abundant in estuarine plankton, and both types tend to be highly seasonal. A

few of the permanent planktonic forms such as copepods of the genus Acartia
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may be year around residents. Benthic forms including sponges, hydroids,

mollusks, worms, and ascidians must be seasonal in their appearance, or they
must be able to survive repeated changes in salinity. The permanent residents
are excellent indicators of average bottom salinity conditions. Along the
south Atlantic and Gulf coasts, for example, the bivalve molluscan fauna, pro-
ceeding from fresh to salt water, would include unionid clams, rangia clams,
oysters, and scallops.

The mobile animals include jellyfishes, squids, shrimp, crabs, and fishes.

This group includes a large number of species, and their relationship with the es-
tuary is often highly seasonal, being restricted to the warmer months of spring,
summer, and fall. Most over-winter in the adjacent ocean, although a few appar-
ently over-winter in the muds. Typically, the life histories of most of these
mobile coastal animals involve reproduction in marine waters of the continental
shelf; migration of the young into the estuaries (often as planktonic forms);
feeding, growth, and maturation within the estuary; and migration back out to

sea to spawn a few miles off the mouth of the estuary. The estuaries are important
nursery areas, and over ninety percent of the coastal mollusk, shrimp, crab, and
fish species of commercial importance along the American coast pass a critical por-
tion or all of their lives within the fertile estuaries. Because of the reduced
salinity the young individuals are protected during sensitive life history stages
from many marine predators and parasites which would otherwise reduce their numbers.
Maintenance of low-salinity conditions and the natural seasonal flow patterns is

critical to the survival of the valuable biological resources of our coastal waters.

Coastal marshes, swamps, and grass flats - These three ecosystem types lie from a

few feet above sea level to a few feet below it. Hence, they are subject to the
ebb and flow sweeping action of tidal currents, and all must be tolerant of some
salinity change. All trap suspended nutrients by slowing down the water currents,
and they all provide shelter and food for a variety of small brackish water and

marine animals. These are among the most.productive ecosystems of the world with
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annual production rates running around five tons per acre. Much of this plant
production becomes available as organic detritus which provides the chief food
base for the coastal fish and shell-fish populations of commercial importance.
Without these important production and nursery areas our coastal seafood re-
sources would suffer severe decline.

Coastal marshes vary from a foot or so above mean tidal level to just

below this level. Although tolerant of short-term inundations with fresher

or more saline waters and even short-term exposure to the air, these systems
cannot tolerate long-term changes in these environmental factors. Drying of
the habitat or major intrusion of fresh- or saltwater has been shown to change
the composition of the dominant vegetation with long-term erosion of the
productivity and gemeral usefulness of these systems.

The marsh vegetation is dominated by several species of the tall Spartina
grass and to lesser extents by other emergent species such as Distichlis,
Juncus, and Salicornia. Around the bases of these plants and on the surfaces
of o0ld leaves grow a variety of filamentous algae including blue-green, brown,
and red algal types. On the mud flats between the bases of the plants grow a
variety of diatoms and blue-green algae. Plant production of the marsh is
dependent upon all three groups of producers, the tall emergent species, the
filamentous attached forms, and the mud flat inhabitants.

Only grasshoppers and a few birds such as seaside sparrows may be found
among the tall Spartina grass, but the water and mud flats are teeming with
animal life. This includes snails, mussels, and oysters, as well as a variety
of worms, crabs, shrimp, and small fishes. Many of the crabs, shrimp, and
fishes are juveniles of species which support the commercial catch as adults.
Large numbers of shore and wading birds forage in these marshes at low tide.

Studies have shown that there is a regular export of decomposing organic

matter through the tidal creeks to the estuaries, but the major export occurs
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when storms inundate the marshes with high‘water and flush out great quantities
of organic matter to the estuaries and the continental shelves.

Salt swamps are dominated by the low, bush-like red, black, and white
mangrove trees. A few other shrubs and vines may also be present. The exten-
sive root systems developed by the mangroves provide surfaces for attachment
of filamentous algae, and the surface muds may support large and productive
diatom floras. Large numbers of oysters are often found attached to the man-
grove roots, and a variety of small crabs, shrimp, and fishes feed on the organic
material in the shelter of the root systems. Numerous shore and wading birds
forage around the roots and mud flats at low tide and nest in the branches of
the mangroves.

The grass flats are dominated by eelgrass (Zostera) in northern latitudes
or by turtle grass (Thalassia) or manatee grass (Cymodocea) in the more trop-
ical areas. The long grass blades are often clothed with a layer of attached
filamentous algae which produce organic matter and which also act as brushes
to remove suspended matter from the flowing water above. Many small animals
live among the stems and roots of the grass beds, and larger fishes and birds
forage there.

Taken as a group, the coastal marshes, swamps, and grass flats are among
the most valuable of the aquatic and semi-aquatic ecosystem types for the
following reasons. The productivity of plant and animal matter is very high,
and this production supports not only these systems, but it also aids in
supporting the neighboring estuarine and the continental shelf communities.
They provide food and shelter for numerous coastal and marine animals and are,
thus, critically important as nursery grounds for species of commercial
importance. They provide foraging grounds for numerous shore and wading birds,

and they also aid in stabilizing the shoreline from erosion.
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Since these systems are dependent upon a special combination of habitat
factors, they are especially vulnerable to the effects of human intrusion.

These systems must be/protected at all costs.

Continental shelf - The continental shelf consists of three zones: the near-

shore area which is influenced by estuary-derived nutrients, shallow water

wave action, longshore currents, and other coastal phenomena; the outer shelf
which is influenced by deep waves at the edge of the continental shelf; and

an intermediate zone which may be thought of as the typical area of the shelf
proper. Each of these zones is characterized by its own peculiar set of animal
inhabitants, but numerous species found in the intermediate zone also range
into the other two. The ecosystems of these three zones are somewhat distinct,
as are the potential management problems.

Most of the species of crabs, shrimp, and fishes which utilize the estuaries
as juveniles spawn on the shelf as adults. These spawning grounds are located
in the nearshore and intermediate zones. These are also the species of greatest
commercial and recreational importance, and indeed, the major harvesting
grounds are located in the nearshore and intermediate zones. These areas are
also habitat for many marine species which do not enter the lower salinity
waters of the coast. The outer zone of the shelf is deeper and further removed
from land, and it is less influenced by coastal phenomena and less subject to
commercial harvest.

The nature of the bottom determines, in large measure, the types of
organisms which reside in a given shelf area. Rocky bottoms provide habitat
for many species which attach themselves to solid substrata, and such bottoms
often provide special nooks and crannies for species which must have shelter,

Soft bottoms of mud or sand, or an admixture of the two, provide habitat for
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numerous burrowing species, but the fauna of such areas tends to be less
diverse than that which is found in rocky terrain. Both types of areas may
be frequented by predatory species.

Continental shelves are of considerable value to man through the commercial
harvest of marine species and through the recreational use of many others.
Continental shelves are also the source of petroleum, natural gas, sulfur,
shell, sand, gravel, and other products, and they are important in marine
transportation. These competing uses may have important effects on the

commercial and recreational harvests of the shelf,
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Chapter 3

CONSTRUCTION ACTIVITIES WHICH AFFECT AQUATIC ENVIRONMENTS

In order to evaluate the actual and potential effects of comnstruction activi-
ties upon wetlands of the United States it is essential to examine engineering
aspects of potentially damaging construction in some detail. Only by this means
can the most envirommentally degrading features of construction practice be sorted
out for further analysis. Therefore, in the present chapter a relatively complete
picture of each type of construction activity is presented.

Considering the diversity of terrain of the United States and the variety of
potential engineering approaches to a given type of project, the present chapter
cannot cover all possible aspects. Details will vary with local circumstance. By
providing basic engineering descriptions, however, it is anticipated that the reader
will develop an understanding of the problems faced by construction engineers and
their general approaches in seeking solutions. Thus, the information presented here
should be readily transferrable to related projects and to specialized situations.
Furthermore, we are not wise enough now to appreciate all the environmental effects,
and thorough engineering descriptions should lay a firm foundation for future in-
crease in knowledge in this area.

Throughout the chapter it will be assumed that good "housekeeping' practices
are employed on the construction projects. However, it should be recognized that

sloppy engineering practices will tend to magnify environmental impacts.

General Nature of Comnstruction Activities
Aquatic environments may be affected directly by construction which takes
place within or at the margins of the wetlands and indirectly by comnstruction which
occurs on the neighboring floodplains, banks, or shores. Although a great many kinds
of activities are associated with major conmstruction projects, for present pur-

poses these activities may be grouped into the following ten classes.
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1. Onsite activities prior to construction
2., Construction of access roads

3. Establishment of construction camp

4. Materials storage

5. Clearing of site

6. Earth excavation and fill

7. Foundation preparation and construction
8. Disposal of excess excavated materials
9. Major construction activity

10. Site restoration and clean-up

Not all types of comstruction require all ten classes of activities, but this

list provides a useful set of criteria for judging the immediate effects of most
major types of water-related envirommental modifications. Longer range effects

will stem from the construction activity; nature, use, and operation of the structure;
and other developments occasioned by the presence of the structure. A list of the
major types of construction activities which affect wetlands of the United States

is given in Table 3.1.

Construction Activities Associated Primarily With

Floodplains, Banks, and Shores

Activities Prior to Construction
The design and initial layouts require on-site activities which are generally
similar for most projects. Surveying is carried on to define terrain features and
locate the construction elements. The use of aerial photography in recent years
has reduced the on-site activities substantially. Surveying generally involves
minor clearing of vegetation and the placement of guides in the form of stakes,
flags, and pins. The preliminary engineering work often involves borings to es-

tablish the nature and extent of subsurface formations. Seismograph surveys may
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Table 3.1. Major types of construction activities which affect wetland environ-
ments of the United States.

Construction activities associlated primarily with floodplains,

banks and shores

- Preconstruction activities

- Construction involving impervious surfacing and/or earthwork
= Line construction activities

- Building comstruction

- Construction of open air industrial plants

- Construction of drainagefstructures

= Tunnel construction

- Mineral extraction on land

Construction activities associated primarily with wetland areas

and water bottoms

- Masonry dam construction

- Construction of fills and channels in wetlands
~ Drainage ditches and river channel changes

-~ Bridging in wetlands

~ Dredging and placement of dredge spoil

Construction activities associated primarily with waterway margins

~ Construction of breakwaters, sea walls, and shore protection

systems
~ Construction of ports and moorings
Offshore construction

- Mineral extraction from the continental shelf

- Pipeline construction
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also be carried on. These activities will require the movement of machines and

men over the area under study.

Construction Involving Impervious Surfacing
and/or Earthwork
Construction activities which involve impervious surfacing and/or earthwork
include highways, roads, streets, driveways, parking areas, airports, playing
fields, levees, dikes, and earthen dams. Activities and facilities associated

with impervious surfacing and/or earthwork are given in Table 3.2.

Clearing and grubbing - This involves the removal of all surface vegetation

and major root systems. Disposal of vegetation may be by natural decomposition

or by burning, depending on the volume of organic material.

Earthwork - This operation involves moving of natural soils from one location to
another by excavating, filling, and in most cases, compacting. When soils for
fills are taken from borrow areas, these areas may be left as man-made ponds. In

modern construction the operations are carried on almost exclusively with machinery.

Rock excavation - When rock is encountered, the construction process consists of

drilling the rock formation, loading the holes with explosives, and blasting to
loosen the rock. This is followed by loading the brokem rock, hauling to the fill

site, dumping, and placing.

Subgrade stabilization - In paving projects over areas of clay soils it is common

practice to stabilize the upper 6 to 12 inches. This is usually accomplished by
mixing lime, either in dry or slurry form, into the soil, followed by thorough
mixing and compacting. The completed, compacted surface is almost completely water-

proof.

Base course construction - The initial stage of pavement construction is the placement
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Table 3.2, Activities and facilities associated with impervious surfacing

and/or earthwork.

- Clearing and grubbing

- Earthwork

- Rock excavation

- Subgrade stabilization

- Base course comnstruction

- Aggregate production

- Portland cement concrete pavements
- Bituminous pavements

~ Equipment parking, maintenance, and service areas
- Paving plants

- Site restoration

- Riprap

- Borrow pits and landfill areas
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of granular materials such as sand, sand-gravel mixtures, and crushed rock. In
some cases materials mixed with portland cement, tars, asphaltic materials, and,
rarely other chemical admixtures are used for base courses. Construction opera-
tions include loading and hauling the materials, dumping on the prepared subgrade
surface, spreading and compacting. It is usually necessary to add water in the

spreading process to obtain proper compaction.

Agoregate production - Aggregates for base courses and pavements are obtained from

open pit mining operations of sand and gravel or from stone quarries. Open pit
aggregate production involves stripping of the earth overburden, the stripped
materials being dumped near the pit site. The granular materials are then ex-
cavated and screened to adjust the gradation of the material. The screening opera-
tion for pavement aggregate nearly always involves washing the material with large
quantities of water sprayed under moderate pressure. The oversized materials and
excesses of sand sizes are placed in waste areas near the pit site.

In some cases sand and gravel aggregates are obtained by mining operations from
natural streams or lakes. The material is excavated from the stream or lake bottom
by use of a dragline or shovel and processed in a plant on the bank. Wash water
is pumped from the river or lake and returned after use.

Operation of a stome quarry involves stripping and near-site disposal of
earth overburden, rock excavation (as previously described), crushing the rock to
produce aggregates with proper gradation, and screening of the crushed aggregate to
control the gradation. Rock crushing operations normally involve a minimum amount

of waste material which is generally disposed of in completely worked quarry areas.

Portland cement concrete pavements - Portland cement concrete pavements are placed

over prepared subgrade or prepared base courses. In urban areas where curb and
gutter is used concrete pavements are placed between side forms. On rural highways,

airfields, and similar types of construction, formless pavers are used. Some
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pavements are reinforced with bar steel or wire mesh, and the operation includes
stockpiling and placement of the items. The modern practice is to mix the concrete
in a central plant, haul it to the paving site in trucks, and spread it with a paving
machine. This is followed by a final finishing operation and the covering of the
pavement with a curing compound, cloth mats, or ponded water to prevent rapid

drying.

Bituminous pavements - Pavements consisting of mixtures of tar and asphaltic

materials are widely used. They are of three types: mixed-in-place, surface treat-
ment, and plant mix. Asphalt paving operations take place only during the warmer
periods of the year, preferably at temperatures above 50°F. The initial operation
for all except the mixed-in-place pavement is the prime coat. The prime coat
consists of a spray application of a liquid bituminous material in quantities of

0.2 to 0.4 gallons per square yard. The material penetrates and seals the surface,
providing an excellent platform for the subsequent paving operation.

The paving operation consists of placing alternate layers of bituminous
material and aggregate or mixtures of bituminous material and aggregate. Mixing
may be accomplished in place with road machinery or in a central plant and hauled
to the job site. The paving operation is completed by compacting the pavement layer

(or layers) with steel-wheeled or rubber-tired rollers.

Equipment parking, maintenance, and service areas - Construction operations in-

volving substantial earthwork and paving operations utilize many pieces of con-
struction equipment. This equipment is normally stored, when not in use, at a
particular location where temporary facilities for servicing, fueling, and main-
taining the equipment are available. Such areas are in the size range of 1 to 3
acres and are generally unpaved. Normal activities will produce dusty conditions

and modest contamination with greases, fuel, and maintenance waste.

Paving plants - Plants for mixing portland cement concrete and bitumen-aggregate
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mixtures consist of aggregate stockpiles, equipment for loading aggregates, storage
for cement or asphalt, and the mixing plant itself. The bituminous plant will

also contain equipment for heating and drying aggregates and fuel tanks to supply
the burners. Mixture control facilities, housing for the inspection force, and a

haul road complete the installation.

Site restoration - Upon completion of construction, any bare earth areas are nor-

mally protected by seeding or sodding the areas. The operations also commonly

involve mulching and the use of fertilizer to promote rapid growth of vegetation.

Riprap - Levees, dikes, earthen dams, and highway fills exposed to water from rivers
or lakes are often riprapped on the water side. Riprap materials are usually rock
or broken concrete pieces of substantial size which are hauled to the job site and

placed by dumping in the dry.

Borrow pits and landfill areas - Construction operations involving large volumes

of earth or rock movement commonly require either borrow areas, from which de=~
ficiencies in material required can be obtained, or landfill areas, where excess
materials excavated can be placed.

Borrow areas must be located where the material will meet the requirements of
the project. For example, the core area of a levee or of an earthfill dam requires
clay so that the structure will be essentially impervious. Borrow areas are also
situated as close as possible to the construction site. Since water-borne materials
are often deposited in graded sizes, river bluffs, floodplains, and stream bottoms
are frequent locations of borrow activity. When located on land, borrow activity
involves stripping away the topsoil followed by excavation and hauling of the
underlying material. Borrow areas may be quite large, and upon completion of con-
struction, such areas are generally cleaned and shaped to minimize erosionm.

Landfill is used to dispose of excess material derived from excavation. The
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area utilized for a landfill operation is commonly a low area (pond, bog, or land
depression) or an eroded area whose owner desires to raise the elevation or stop
erosion. Landfill operations are highly variable., In some cases the excavated
material is hauled to the site, spread and compacted to the desired elevation, and
finally covered with topsoil and seeding to provide a vegetative cover. In other
cases landfill operations consist only of hauling materials to the site and dumping,

with no further attention.

Levees and dikes - Of especial interest in relation to aquatic environments are

levees and dikes. Levees are linear earthen walls placed on floodplains on both
sides of streams to contain flood waters. Dikes are constructed of earth or other
materials and are placed in coastal areas to prevent flooding from large waves

and high tides associated with storms and hurricamnes. Levees and dikes invélve
clearing and grubbing, earth borrow, earthwork construction, site restoration, and
in some cases, riprap. Borrow areas may be located either on the water or the land
side of the levee or dike embankment, but they are most often located on the water

side.

Line Construction Activities

Line construction activities include pipelines of various types, water lines,
sewer lines, o0il and gas pipelines, storm sewers, land and building drains, drainage
and canals, pole lines, power lines, and underground electrical and communication
lines.

The construction activities involved in pipeline, drainage ditch, irrigation
ditch and underground utility comnstruction include ditching, storage and/or clearing
and grubbing, disposal of excavated materials, preparation and delivery of pipe,
cable or rickwell, pipe-laying, backfilling of the ditch, lining of drainage and/or
irrigation canals, disposal of surplus excavation in some cases, and installation

of pipeline appurtenances. The latter include such items as manholes, valves, fire
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hydrants, and pumping stations.

In gravity flow systems such as most storm sewers, sanitary sewers, drains,
drainage canals, and irrigation canals, the ditches are excavated to a set grade
line. 1In order to limit ditch depth such installations must fall with the natural
terrain. Thus, their locations are relatively fixed. Pumped systems such as water
lines and oil and gas pipelines are normally laid approximately parallel to the
ground surface, and location is not critical. Activities and facilities associated

with line comnstruction are presented in Table 3.3.

Clearing and grubbing - This has been discussed above.

Delivery of pipe - Pipe is delivered to the job site and distributed along the

line as it will be needed.

Ditch excavation - The ditch is excavated with a ditching machine for the smaller

pipe and by dragline and/or shovel for larger pipes. Excavated earth is placed
along the side of the line away from the pipe. Normally, ditch is opened as
needed by the pipe-laying operation.

Drainage ditches and irrigation canals are ordinarily trapezoidal in cross-
section (wider at the top than at the bottom) and are excavated by special machines
or by normal construction equipment. Excavated material may be deposited on both
banks, shaped, and compacted to provide a portion of the canal cross-section.
Comparison of the profiles of a natural stream and a ditched stream is given in

Figure 3.1.

Pipe-laying - Pipe-laying follows closely behind the ditching operation. The
pipe is jointed on the bank to the maximum extent possible. Gas and oil pipe-
lines are covered with a bituminous coating, so jointing and final coating opera-
tions are accomplished on the bank prior to placing the pipe in the ditch. Small

pipe sizes are placed in the ditch and handled manually, but most pipe is placed by
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Table 3.3. Activities and facilities associated with line construction.

- Clearing and grubbing

- Delivery of pipe

- Ditch excavation

- Pipe laying

- Backfill

- Drainage ditch and canal lining

- Appurtenances and special construction
- Pole lines and electric power poles

- Disposition of excavated materials
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Figure 3.1.

levee

graded bank

ditch water

Comparison of the profiles of a natural and a ditched stream. Note
that in the ditched stream the floodplain (and all floodplain vege-
tation) has been removed and that the compacted spoil levee effec-

tively separates the watercourse from the surrounding terrain. The
"stream" is no longer connected with the landscape.
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machine using special handling equipment.

Backfill - As soon as the pipe has been laid, the excavated earth is placed back
into the ditch generally with a bulldozer or loader. TUnless the earth is compacted,
and this is not the usual practice, an excess of material will exist. This excess
material is rounded over the ditch. 1In time the earth will compact naturally and

the ground surface return to mear the original level.

Drainage ditch and camal lining - Larger irrigation canals and drainage ditches
are often lined with portland cement concrete or plant-mix asphaltic concrete
materials in order to reduce seepage losses. The lining materials are transported

from a mixing plant to the canal or ditch and applied by specialized machines.

Appurtenances and special construction - Pipeline appurtenances include valves,

manholes, fire plugs, pumping stations, borings under highways, and stream crossings.
The construction operations include excavation, reinforced concrete construction,
small buildings, boring or tummeling, installation of mechanical equipment, back-
filling, and suspension bridges for stream crossings. Drainage ditch and canal
appurtenances include such items as diversion structures, measuring wires, gates,

mounted siphons under roadways, and stream crossings in aqueducts.

Pole lines and electric power lines - Construction activities for pole lines and

electric power lines include clearing, excavation of holes for poles or tower

foundations, pole or tower erection, and installation of cable.

Disposition of excavated materials - In urban areas and for very large pipelines,

particularly in built-up areas, it is necessary to remove excess excavated materials

and deposit them in a landfill site.

Building Construction

All buildings involve much the same types of construction. Office and
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commercial buildings, housing, manufacturing plants, warehouses, government build-
ings, school and university buildings, and other types of closed space involve a
similar range of construction activities. Activities and facilities associated

with building construction are shown in Table 3.4.

Site preparation - The clearing and preparation of the site is the first activity.

For raw land this involves clearing all vegetation and possible treatment of the
soil to permanently devegetate the area. Grading is often necessary to adjust the

site to accomodate the planned building.

Demolition - Some building sites are occupied by pre-existing structures which
must be torn down, followed by removal of the old building debris. This is es-
pecially true in urban areas where building sites may be surrounded by streets

and/or other buildings.

Excavation - Many buildings have substantial volumes below ground level requiring
excavation. This is particularly true in large buildings in central sections of
urban areas. Adjacent buildings and streets must be protected by driving sheet
piling which are braced to resist the pressure of the adjacent earth while excava-
tion proceeds inside the sheet piling. Excavated earth from such sites must be

removed and hauled to a disposal site.

Foundation - Foundations for buildings vary widely, ranging from simple reinforced
concrete slabs for houses and light industrial buildings to the use of caissons in
wet soils for multistory office buildings. The operatioms involved include the
driving of piling (wood, steel or concrete), drilling and placing of reinforcing
steel and concrete for cast in place foundations, massive reinforced concrete mats
covering the building area, reinforced concrete spread footings, and T-shaped founda-
tions placed in caissons. Foundation concrete and concrete for the structural frame

are obtained from a concrete plant, usually a fixed plant in an urban area.
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Table 3.4, Activities and facilities associated with building construction.

- Site preparation

- Demolition

- Excavation

- Foundation

~ Materials storage yard
- Building structure

- Mechanical and electrical equipment
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Materials storage yard - Any major building requires a yard for the storage of

materials to be incorporated in the project. Some materials require inside
storage, whereas the more durable material may be stored in the open. When
space is available the storage yard is located on the comstruction site. Urban
building sites have very limited storage possibilities, so the storage yard must

be located at some distance from the site.

Building structure - The building structure involves the placement of reinforcing

steel, pouring portland cement concrete, erection of structural steel, masonry or
precast concrete, placement of window walls, window glazing, roofing, and the

erection of interior construction walls.

Mechanical and electrical equipment - Most of the mechanical and electrical equip-

ment is installed within the building, although some may be designed for the roof.
Associated activities include installation of elevators, heating and air condi-
tioning equipment, plumbing, electrical supply and lighting, telephone conduits,

and a wide variety of specialized equipment built into the structure.

Construction of Open Air Industrial Plants

Industrial plants such as oil refineries, chemical plants, cement plants,
power plants, and steel fabricating yards are built and operated in the open.
Construction operations for such plants vary somewhat from regular building
construction. Some elements of these plants such as the control systems, special-
ized equipment, laboratories and office areas are in buildings. Activities and
facilities associated with open air industrial plant construction are presented

in Table 3.5.

Site preparation - This is essentially the same as for buildings.

Foundations - Foundations for such items as cooling towers, boilers, turbines and

generators, distillation columns, and other major items in the plant are constructed
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Table 3.5. Activities and facilities associated with construction of

open air industrial plants.

- Site preparation
- Foundations
- Plant construction

- Plant access
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of reinforced concrete. Where extremely heavy loads must be supported on low

strength soils, piling is driven to provide adequate load carrying capacity.

Plant construction - Plant construction involves the following types of activities:

installation of major plant elements (including structural steel supports and
principal machinery), installation of extensive piping systems both above and
below ground (including insulation for hot and cold lines and appurtenances such
as valves and measuring devices), placement of power lines and the wiring for all
electrical power and control systems, painting of exposed materials, and installa-
tion of the plant drainage system. The major construction activities include
steel erection, pipe fitting, welding and bolting, insulation, placement of power

cable, placement of control and telephone cable, and electric wiring.

Plant access - Roads, streets, parking lots, hardstanding and open storage areas

are vital parts of these industrial plants.

Construction of Drainage Structures

Drainage devices include a wide spectrum of structures, varying from small
corrugated metal culverts, which discharge the drainage from a few acres, to large
suspension bridges over major rivers. In general, such structures can be divided
into two classes, culverts and bridges. Culverts are used primarily to permit
drainage through normally dry channels and streams with small flows. Their total
span is generally less than 50 feet. Bridges cross major waterway areas requiring
spans of over 50 feet, and they provide substantial waterway openings. Activities
and facilities associated with construction of drainage structures are given in

Table 3.6.

Culvert comstruction - Culvert construction involves excavation and grading to line

and elevation at the site, pipe-laying or concrete box comstruction, and backfilling.

Excavation is accomplished by bulldozers, dragline, backhoe, or small excavator-
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Table 3.6. Activities and facilities associated with construction of

drainage structures.

- Culvert construction

- Chamnel changes

- Bridge piers: dry construction
- Bridge plers: wet construction
- Bridge abutments

- Bridge superstructure
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loader, and the excavated material is normally stockpiled at the site for use in
backfill. Some handwork may be required for fine grading.

For a pipe culvert the pipe, which is usually corrugated galvanized metal,
is positioned by crane, and a small amount of earth is placed around the pipe to
hold it in place. 1If a concrete headwall is required, forms are placed, the
reinforcing steel placed, and concrete poured. For a single or multiple box
culvert, the floor slab steel is placed and the floor slab poured. Forms for the
vertical walls and deck are placed along with the reinforcing steel, and this is
followed by pouring of concrete. Concrete is commonly obtained from a commercial
ready-mix plant. Removal of forms completes the box. Backfill is placed with a
bulldozer, backhoe, or dragline, and it is compacted with air-tamps. In some

cases the ditch for the box culvert is placed at grade.

Channel changes - Good flow conditions through pipe and box culverts are often ob-

tained by excavating new channels above and/or below the culvert installation to
produce straight through~flow. The operation involves normal excavation procedures
with the excavated material disposed of by depositing it near the site and often in
the old chammnel. Channel changes will normally increase flow rates through the

new section.

Bridge piers: dry construction - It is necessary to found bridges on solid layers

usually well below the surface of the ground or stream bed. The support layer
can be reached by driving solid piles (concrete, steel, or timber) into it or by
drilling shafts to the support layer, under-reaming if necessary, placing of steel
reinforcements, and pouring the pile in place. Pipe piling is sometimes driven or
jetted into position and subsequently filled with reinforced concrete.

Major bridge piers on river banks are often placed in open, braced excavations
which descend to the desired elevation. Since these excavations generally extend

below the ground water level, the water must be controlled in the excavation. This
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is accomplished by bleeding off the water from the surrounding soil by means of
well-points driven to elevations well below the excavation level. Excavated
materials are hoisted to the surface and hauled to the disposal site. When the
excavation, sheeting, and bracing reach the designed level, a concrete seal is
normally poured, and the pier is comnstructed inside the sheeting and bracing. Pier

construction involves placement of steel reinforcements and pouring of concrete.

Bridge piers: wet construction - Where major bridge piers are to be placed in

the stream, excavation is carried on by using a caisson. The caisson is a bottom-
less metal box suitably constructed to resist water and soil pressures and built
with a cutting edge on the bottom. The caisson is towed to the pier site and sunk
to the river bed where it penetrates under its own weight. Material is removed
from within the caisson by means of a clam shell dredge, and the caisson is ad-
vanced ahead of the excavation level. As the caisson penetrates into the river
bed new sections are added to the top. When the caisson and excavation reach the
proper level, a concrete seal is poured through a metal cylinder called a tremie.
When the concrete has hardened, the water is pumped from the caisson, and pier con-

struction takes place in the dry.

Bridge abutments - The bridge abutment supports the exterior bridge span and

provides the transition to the approach fill. Construction operations involved
are excavation, necessary formwork, placement of reinforcing steel, placement of

concrete, and earth backfill for the abutment.

Bridge superstructure - The bridge superstructure is constructed of structural

steel (including wire for suspension cables), reinforced concrete, or wood. Wooden
structures are now quite rare. The construction operations involved are temporary
support beams, erection of the steel structure, painting, necessary formwork

erection and removal, placement of steel reinforcements, placement of concrete, and

installation of bridge railing and guard rail.
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Tunnel Construction

Tumneling is necessary when railways, highways, subways, canals, large sewers,
and other grade-sensitive installations must traverse major topographic features,
such as mountains, and when it is desirable to place such facilities underground
beneath major surface structures or rivers. Activities and facilities associated

with tunnel construction are presented in Table 3.7.

Rock tunnels ~ Tunnels in rock are advanced by drilling and blasting. A shield

is used at the working face to prevent rapid flow of disintegrated rock. 1In
solid rock the tunnel may not require lining. Where faults and fractured rock
are tumneled a shield (liner) and reinforced concrete lining are used. Also,
extensive grouting may be required in areas of badly fractured rock to establish
sufficient stability to permit advancement of the tummel. Excavated rock is
loaded into mine cars and removed from the tunnel where it is used for fill or

dumped in disposal areas.

Tumnels in earth - Tunneling in earth also may require a steel shield extending

to the working face. Excavated material is placed into mine cars for removal from
the tunnel to a fill or disposal area. In recent years tunnel boring machines
have been developed for use in smaller tunnels (up to about 10 feet in diameter).
These machines use cutters at the working face and discharge the cuttings onto

a conveyer belt for removal from the tunnel. The steel shield liner, used to pre-

vent cave-ins, may be incorporated into the reinforced concrete lining.

Tunnels under water - Tunnels under water normally require the use of compressed

air to prevent entry of water and earth into the excavated area. The shield
system is airtight at the working face and contains a locking system through which
the workmen enter or leave and through which the excavated material is removed.

This system also employs a steel shield to keep the tunnel open and a reinforced
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Table 3.7. Activities and facilities associated with tunnel construction.

- Rock tunnels

- Tumnels in earth

- Tunnels under water

- Cut~and-cover tunnels

- Construction plant and yard
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concrete liner which incorporates the shield. Work in compressed air requires
careful monitoring of workmen entering and, in particular, leaving the excavation
area. Excavated materials are hauled in mine cars to the tunnel portal and taken

to fill or disposal areas.

Cut~and-cover tunnels - Cut-and-cover tunnels will be discussed in the section

dealing with construction in wetland areas.

Construction plant and yard - Tunneling operations require storage of considerable

amounts of materials as well as access to a concrete plant for construction of the

tunmel liner.

Mineral Extraction on Land

Activities and facilities associated with mineral extraction on land are

showm in Table 3.8.

Strip mining - Strip mining is used for recovery of near surface deposits. The

most common minerals so extracted are coal, rock, sand, and gravel. However,
copper, iron, and other ores are also obtained from open pit operations which
are essentially the same as strip mining. Production of sand and gravel and the
quarrying of stone have been discussed previously.

Strip mining involves the use of large surface excavating machines, primarily
draglines and shovels, to strip the overburden and deposit it away from the mineral
being mined. Then, the mineral sought is excavated, with blasting ahead if neces-
sary, loaded into hauling vehicles or continuous belts, and transferred to the
processing site. The process covers a strip of the earth, usually 20 to 40 feet
wide and extending longitcdinally for the length of the deposit. 1In this manner
successive strips are mined. 1In the past the mined area was left in a tortured
mass of overburden deposits, trenches, and spoil areas. Modern practice conserves

the topsoil and fills the mined areas with adjacent overburden which is placed and
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Table 3.8. Activities and facilities associated with mineral extraction

on land.

- Strip mining
- Shaft and tunnel (drift) mining

- Minerals from wells
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compacted. The return of the topsoil to the area completes the operation. The

general methods employed in strip mining and drift mining are shown in Figure 3.2.

Shaft and tunnel (drift) mining - Deep deposits of minerals are mined by sinking

a vertical shaft to the mineral zone, tunneling into the zome to obtain the ore,
and hauling the ore horizontally and vertically to processing plants at the surface.
The tunneling operations utilize heavy equipment as well as blasting and shoring

to prevent cave-ins in the open tunnel areas. Hauling horizontally is accomplished
by continuous belts or mine cars, and buckets are used to bring the mined minerals

or ore to the surface.

Minerals from wells - Petroleum, natural gas, sulfur, mineral brines, and water

are recovered from wells drilled into the formations containing the minerals. The
construction operations involved include drilling the bore hole, placing the pipe
casing, cementing the casing to prevent movement of liquids and gases between the
casing and bore hole, and installation of the production equipment such as pumps,
pressure reducers, blow-out preventers, equipment for separation of liquids, tanks,
and measuring devices. These operations involve a limited land area and utilize
closed cycles so that no liquids or foreign materials are normally discharged from

the drill area.

Construction Activities Associated Primarily with

Wetland Areas and Water Bottoms

Masonry Dam Construction

Dams are constructed on flowing waterways for production of electric power,
storage of water (for irrigation, urban, or industrial use), flood control, or
some combination of these purposes. Dams may be constructed of concrete (masonry),

earthfill, or rockfill. Masonry dams are built in narrow, deep canyons, normally

with rock walls and foundations which permit ready impoundment of the water. Such
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Figure 3.2. General methods employed in strip mining and drift mining
operations. In the strip mining operation the overburden
is removed and placed in trailing spoil piles in order to

get at the valuable mineral seam.

In the drift mining

operation a shaft is sunk to the level of the seam, and
spoil material is allowed to cascade downhill into the

stream valley.
the surface.

In mountainous area drifts often come to
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dams are major construction operations and involve activities both in the river
channel and on the adjacent banks and walls. Earthfill and rockfill dams are
often constructed in areas where the flow rate is relatively slow, the valley
walls are of earth, and the floodplain is relatively broad. Earthfill and rock-
fill dams involve primarily those operations previously discussed under earthwork
construction. Since the same general appurtenances are involved for all three
types, only masonry dam construction will be described. Activities and facilities
of masonry dam construction are described in Table 3.9 and illustrated in Figure

3. 3.

River diversion - The first stage of construction is the diversion of normal

river flow from the area where the dam is to be constructed. This is commonly
accomplished by driving a diversion tunnel through the canyon wall from a point
upstream from the dam site to a point downstream of the dam site., This tunnel is
commonly lined with concrete and has special inlet and outlet sections to minimize
flow turbulence. Cofferdams are placed across the river above and below the dam
site and between the inlet and outlet ends of the tunnel. The upstream cofferdam
diverts the river into the tunnel and the downstream cofferdam prevents the river
from backing up into the dam site. Construction of the cofferdams requires ex-
cavating the river bottom to a reasonably level bed and construction of cutoff
trenches in each canyon wall. When these elements have been placed the dam site
is dewatered. The diversion system must be reasonably watertight, although some
pumping will be necessary. Provision must be made for closing the diversion
tunnel when dam construction is completed. For very large streams modifications

of the above procedures are required.

Foundation and abutment excavation - The first stage of masonry dam construction

is the excavation of the foundation and abutment areas of the dam. All earth,

sand, gravel, and loose rock are removed. For safety, it is necessary to found
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Table 3.9. Activities and facilities associated with masonry dam construction.

- River diversion

- Foundation and abutment excavation
- Grouting

- Concrete in dam structure

- Aggregate production

- Cement plant

- Construction camp

- Appurtenances for masonry, earth, and rockfill dams
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Figure 3.3. Main features of masonry dam construc-
tion. The area between the cofferdams
is pumped out so that construction of
the dam proper can proceed in the dry.
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the dam and its abutments on solid natural rock. The operations involved are
drilling and blasting of rock, as well as excavating, loading, and hauling of

excavated materials. All these activities have been discussed previously.

Grouting - It is imperative that the foundation and abutment areas of a dam be
essentially watertight., Water passing under or around the dam creates problems
in dam safety. For this reason these areas are normally grouted to close all
cracks and seams and fill cavities. The operations include drilling grout holes
in the foundation and abutment areas, mixing the grout and pumping it into the
grout holes under pressure.

Grouts used consist basically of portland cement and water proportioned to
form a thin slurry. Other materials such as bentonite and fly ash are also added.
In cases where large cavities may occur as in massive limestone formations bulk
may be obtained by adding inert materials such as rock dust or fine sand. Grouts
are premixed and stored in tanks just prior to pumping. Grout is pumped into the
drilled holes under sufficient pressure to force the grout into cracks, seams and

openings. Pumping is continued in each hole until no more grout is taken.

Concrete in dam structure - Dam structures involve the placement of very large

volumes of concrete. The concrete used is composed of portland cement mixed with
rock fines, sand and gravel, or crushed rock, the latter varying from 1/4 inch
to 6 inches in size. The construction operation involves a large aggregate opera-
tion, a high volume mixing plant, and a sophisticated system for carrying the
concrete to its location in the dam structure. Specialized forms are used which
are continually moved up as the structure is built.

Massive concrete structures pose problems in disposing of the heat of hy-
dration of the cement. Low-heat cements ease the problem, but cooling of the

concrete and cooling systems within the dam structure may be necessary.

Aggregate production - Aggregate production for dams differs from that discussed
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previously only in quantities and sizes. Because a dam uses very substantial
quantities of material in a small area, highly sophisticated crushing, screening,

washing and transportation systems are economical.

Concrete plant - Concrete production has been discussed earlier. As in the case

of aggregate, large quantities of concrete are required for construction of a

major dam.

Construction camp - Since dams are often built in isolated locations and require

substantial manpower during construction, the contractors commonly build and
maintain a camp for the workers. Housing, bathing, and feeding facilities, along
with modest recreational opportunities are normally provided. Camp construction
requires roads, buildings, minor utility pipelines and surfaced areas for storage
of materials and equipment. Such construction activities have been discussed

previously. When construction is completed, the camp is normally removed.

Appurtenances for masonry, earth and rockfill dams - Dam appurtenances include

the overflow spillway for flood waters, irrigation water diversion structures,

dam gates, large conduit pipes (penstocks), and power plants. These structures

all involve heavy steel, reinforced concrete, and the placement of heavy devices

and machinery. Excavation required is essentially the same as for the dam structure,

and the dam concrete plant produces concrete for these elements.

Construction of Fills and Channels in Wetlands

Fills for highways, railways, airports, and other similar types of con-
struction in wetlands involve building over unstable substrates of both organic
and inorganic origin. The methods used are dependent on the depth and character-
istics of the unstable material as well as upon the nature of the underlying
stable substrate. Methods of ditch and £ill construction in wetlands are il-

lustrated in Figure 3.4.
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A. uUndisturbed marsh

B. Road construction using hard fill

C. Road construction using native soft fill
ditch

D. Ditch construction with side-cast spoil banks

Figure 3.4. Methods of ditch and fill construction
in wetlands. Hard fill of sand and
gravel forms a rather stable base for
road construction. Use of native soft
fill is a more primitive method and is
more subject to subsidence, necessita-
ting frequent maintenance. Much of the
road construction in coastal tundra
areas of Alaska has been carried out by
the soft fill method.
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Excavation and replacement by stable fill - Where depths of unstable material

do not exceed about 10 feet a dragline, shovel, or dredge may be used to ex-
cavate the unstable material to sufficient width to permit construction of the
roadway, or other construction element. The excavated material handled by
dragline or shovel is usually side cast beyond the excavation forming a spoil
bank, and it must be removed a sufficient distance to prevent lateral displace-
ment back into the excavation. The roadway is then constructed of free draining
granular materials such as sand, sand-gravel mixtures, or crushed rock, which

is deposited in the water until the fill reaches the designated height. The
fill is placed by end-dumping from trucks and pushed into the excavation by
bulldozers. The excavation is left open a minimum amount of time. Where
dredging operations are used the granular material is pumped into the excavation

until the fill reaches grade.

Displacement methods - Where deeper unstable deposits are encountered (about

10 to 25 ft) displacement methods are commonly used. In such methods the fill
is advanced by end-dumping and placement with a bulldozer in a V-shape (i.e.,
highest along the central crest). Fill height is increased until the load is
sufficient to produce failure in the underlying unstable materials, displacing
them laterally. Displacement may be accelerated by jetting with water prior to,
during, and after placement of the fill. As the fill settles, additiomal
material must be placed to maintain the grade. The weight of the fill will
cause lateral compression in the displaced materials which may result in set-
tling and horizontal movement of the shoulders for several years.

Displacement of unstable materials under the fill may also be accomplished
by blasting. In the "underfill" techmique the surface layers are broken with
equipment or light charges, the fill is placed, and explosives are then posi-

tioned through the fill in jet holes or casings. Usually one to three rows of

explosives are placed along the center lime about midway between the fill bottom



109

and the top of the underlying solid substratum. In addition, at each edge of
the fill two or three rows of charges are placed 4 to 5 feet below the surface.
The explosion displaces the soft materials, creating a cavity under the fill
which then settles rapidly. 1In the "toe=-shooting'" technique the soft material
is displaced by blasting ahead of the advancing £ill. Added £fill material is
pushed into the cavity left by the blast, and the £fill is advanced with a V-
point which displaces the soft material and develops a wave in front of the
fill, 1In the process the front face of the fill is overburdened, and the ex-
plosive charges are placed around the toes of the fill near the bottom of the
soft material. Fill materials must be free draining. Sands, sand-gravel mix~-

tures, or crushed stone are ideal.

Preconsolidation methods - Preconsolidation is used where materials can be

stabilized by overloading which essentially squeezes out the water and com-
pacts the underlying materials. In this method the fill is placed by end-
dumping in layers to a depth determined by consolidation tests on the unstable
materials. The fill is placed to a depth of 3 to 8 feet above the grade, and
the time sequence must be such that the underlying materials do not fail but
continue to consolidate. Normally, 1 to 3 months of consolidation time are re-
quired between layers. When the expected consolidation has been obtained, the
excess fill is removed to design grade. This method involves neither removal
nor displacement of wetland materials.

Consolidation can be expedited by the use of vertical sand drains. Holes
are driven or drilled into the unstable materials on 6 to 15 foot centers to
the stable material below, and they are filled with clean, highly permeable
sand. A free drainiug blanket of granular material is then placed over the
surface of the fill area to permit water to move up the sand drain and laterally
under the fill. The surcharge fill is then placed, and settlement is speeded

because of greater ease of escape for the drainage water.
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Drainage Ditches and River Channel Changes

Drainage ditches are constructed in low-lying or wetland areas to enhance
surface runoff, to remove water from wetlands, and to lower the water table
level, Drainage ditches may be excavated by the methods of dry land excavation
previously discussed or by means of a floating dragline (i.e., a steamshovel or
grab operating from a barge). Excavated material is deposited as spoil bank
on one or both sides of the excavation (see Figure 3.4).

River chammnel modifications are carried out to stabilize the channel or
shorten the river's length (by cutting off meanders). In the latter case dry
land excavation is ewployed to create a deep, broad trench which almost connects
with the river at either end. When the trench is complete, the end sections are
blasted open to admit the river to the new channel. The old channel may be

filled or allowed to remain as a man-made oxbow.

Bridging in Wetlands

Where the unstable material in wetlands is quite deep the most economical
solution for linear comnstruction such as highways and railways is the driving
of pile bents and placement of bent caps and bridge superstructure to carry the
facility. Piling may be wood, concrete or steel and the pile bent caps and
structure may be wood, steel, or reinforced concrete. The operation proceeds
from the bank outward with pile driving, pile caps, and bridge structure placed

consecutively.

Dredging and Placement of Dredge Spoil

The dredge is used exclusively for excavation in watexr. It is employed
to deepen areas such as channels, ports, and harbors, and it also is used to
provide fill materials in the construction of piers, wharves, docks, dams, and

various underwater foundations. Fill material may be provided for dikes, levees,
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and other terrestrial structures. Dredges are also used to maintain open chan-
nels, canals, and other waterways; for the desiltation of dam reservoirs; for
the excavation of construction materials such as shell, sand, and gravel; and
for the recovery of bottom minerals such as gold, tin, and diamonds.

There are two major types of dredges, the bucket or mechanical dredge
and hydraulic dredge. Bucket dredges are classified as grab (orange peel or
clam shell) dredges, dipper dredges, and ladder dredges. Hydraulic dredges in-

clude the plain suction, draghead, and cutterhead types.

Bucket dredges ~ Bucket dredges are used in areas where the more efficient hy-

draulic dredges are not practical. The grab dredge can dig silt and stiff mud
in depths to 100 feet and is used around docks, piers and in corners. The
dipper dredge can be used to excavate hard materials in depths to about 65

feet. Ladder dredges excavate with a continuous chain of buckets on an inclin-
able ladder, dumping the excavated material into a chute or trough at the top

of the ladder. They work well in a variety of materials in depths up to 75 feet.
Bucket dredges must discharge the excavated material alongside the place of ex-
cavation or into barges or scows adjacent to the dredge and which are towed to

a disposal site.

Hydraulic dredges - All hydraulic dredges have a centrifugal pump fed through

a suction line. The excavated material is discharged into the dredge itself
(hopper dredge), into barges alongside, or ashore through a pipeline. Dredges
differ in their means of loosening and picking up the excavated materials.

Plain suction dredges are built like a ship. The suction pipe is located
in the bow or on the side of the dredge. One or more suction pipes extend into
the hull to the pump. Dredged material is discharged into the hull, into barges
alongside, or back into the water through a side-casting boom. The lower end of

the suction line is flattened like a vacuum cleaner, and high pressure water jets
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may be used to loosen material around the perimeter of the working area. Such
dredges are normally used in softer substrates to create holes into which sur-
rounding materials may run.

Draghead suction dredges use a special suction head, dustpan or draghead,
attached to the end of the suction line. Such dredges are generally hopper
dredges, but occasionally they discharge into barges or through side-casting
booms. The suction lines are alongside, and the dredge moves ahead with the drag-
head in contact with the bottom while dredging. The dredge has a shiptype hull
and is self-propelled. Hopper capacities are in the range of 500 to 8,000
cubic yards. When full, the dredge steams to the disposal area and discharges
the excavated material. A variety of dragheads are used depending on the type
of material to be excavated.

The most commonly used dredge today is the pipeline cutterhead dredge. Its
prime function is to excavate and move material hydraulically to its ultimate
location without rehandling. The dredge proper consists of a ladder; cutter-
head; suction pipe; A and H frames with hoist machinery to handle the cutter-
head, ladder, and suction pipe; cutter motor; hull; engine room; lever room;
main pump and engine; spud gantry; and spuds. During operation a discharge line
floating on pontoons extends to the shore where it is attached to the shoreline.
Auxiliary tugs, fuel barges, pipe barges, and work boats complete the plant.

The dredge size is generally defined by the diameter of the discharge line,

for example, 24-inch dredge. The cutterhead rotates, cutting and loosening the
bottom materials, which are then picked up by the suction pipe. The water borne
excavated materials pass through the discharge line to the spoil disposal area.
Various types of cutterheads, including the basket or straight arm, are used,
depending on the hardness of the materials to be excavated. Cutterhead power
requirements vary upward to 4,000 horsepower. The dredging depth is dependent

on ladder length, and depths up to 150 feet have been successfully dredged. A
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water jet booster system will increase production by providing more lifting
energy at the pump's suction end. Spuds are used to position and move the

dredge ahead as excavation is completed.

Dredge spoil from hydraulic dredges - Hydraulic dredges discharge the dredge

spoil ashore or in water areas adjacent to the dredging site. Land disposal
areas must be adequate for settling and must have levees strong and high enough
to confine the material permanently. An auxiliary boom discharge barge may be
used at the end of the discharge line to transmit the material over the levee.
Spoil disposal areas in water are located at least 1,000 feet from the dredging
site. Discharge is allowed to spread over the bottom without attempt at con-
tainment. A baffle plate is often used at the discharge end so cut that the dis-
charge force pushes the plate and end of the discharge line along to keep up
with the dredging operation. A hydraulic dredge and fill operation is illus-
trated in Figure 3.5.

Hydraulic dredges are used to produce land fills for levees, highways,
and railways, as well as fills for the foundations of structures in water.
Spillways are employed to discharge the water from a ponding area after a
settling period. For granular materials which settle rapidly, pipes near the
top of the levee may also be used. TFor slower settling materials such as silt
and clay which require longer ponding more elaborate spillways located away
from the discharge area are often needed. Turbidity of the return water is
regulated by controlling detention time through elevation changes in the spill-
way. Flashboards are used for this purpose. Water discharged normally returns

to the body of water from which it was dredged.



Dredge Pipe string (on floats) Ponding

Figure 3.5.

Illustration of a hydraulic dredge and fill operation.
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Construction Activities Associated Primarily with

Waterway Margins

Construction of Breakwaters, Sea Walls,

and Shore Protection Systems

These construction activities in wetland areas are for the purpose of
providing protection against wave action and/or protection against high water

and fast currents.

Breakwaters - Breakwaters are used to form artificial harbors. Water areas so
protected from the effect of waves, provide safety for ships and docks. Break-
waters are of several types, but natural rock and concrete are the normal
breakwater materials. Breakwaters are normally used in water depths up to
about 60 feet below mean sea level, although they may be constructed in deeper
water by placing a rockfill below 60 feet. Most breakwaters depend upon their
weight for stability. The breakwater at Matarine, Peru is in water 140 feet
deep and has a 400~foot base.

Breakwaters are of two types. The mound type is composed of natural rock,
concrete block, a combination of rock and concrete block, and concrete shapes
such as tetrapods, quadripods, hexapods, tribars, modified cubes, dolosse and
others. Such a breakwater may be topped by a concrete sea wall. Breakwaters
require that the sea bottom be firm enough to support the weight of the fill
without appreciable settlement. They are trapezoidal in shape (wider at the
bottom than at the top) with side slopes in the range of 3 on 1 to 1 on 1 and
top widths of about 20 feet. Base widths are normally about 4 times the water
depth., The second main classification of breakwaters consists of such types
as concrete block gravity walls, concrete caissons filled after placements,
rock-filled sheet~pile cells, rock-filled timber cribs and braced concrete or

steel sheet pile walls.
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Mound breakwaters are of two types. In the first type a core is placed
using quarry-run stome to a height above normal water level. The core is con-
structed from the shore outward by hauling the stone in trucks and end- or
side-dumping into the water ahead of the fill. Core rock is normally from about
five tons down. Over the core are placed one or two layers of filter courses
made of quarry stone in large sizes. The breakwater is completed with an ex-~
ternal layer of armor stone in the general size range of five to twenty tons,

If placed in more than one layer the largest stones are used in the top layer.
Placement of the filter and armor stone must provide sufficient permeability

so that good drainage will occur but the finer core rock is prevented from being
washed away. The upper layers are placed from cranes operating atop the core.
Where large rock is not available the breakwater may be faced with rectangular
concrete blocks, and such construction is usually required for wave heights
above 50 feet. The concrete blocks are cast ashore in weights of 50 to 60 tons
(400 ton blocks have been used) and placed by cranes either pell mell or in a
designed pattern. In recent years irregular-shaped concrete units, tetrapods,
quadripods, hexapods, tribars, and others have been used as facing materials.
They are lighter, absorb wave energy better, and can be laid on steeper slopes.
Weights up to 45 toms are used but 25 to 30 tons are common.

In the second type of mound breakwater, the core of quarry-run stone is
placed by bottom-dumping from scows or from railroad cars operating on a trestle
to a depth substantially below water level based on wave height. Alternately,
the core material may be placed with a hydraulic dredge. The core is then
covered with a stable quarry-run stone in the general size range from 20 pounds
to several tons. Stones of 1 ton and greater should make up at least half of
the composition of the upper layers. The top of the breakwater is then con-
structed of large armor stone, greater than 10 tons per stone, carefully placed

to the design level above normal sea level. The second layer of stone is placed
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by dumping from scows or train cars on a trestle. The armor stome is placed
by floating cranes or gantry cranes operating on a trestle. Concrete blocks
and the specialty stomes (tetrapods, etc.) can be utilized in place of the
armor stone. They are placed with floating crames.

Concrete block breakwaters are constructed on foundations of quarry-run
stone or dredged material placed as previously discussed. Large cellular
concrete blocks (about 15 feet x 30 feet x 7 feet high), laid in parallel rows
and the cells filled with concrete, have been used. Another type utilizes
large concrete blocks keyed together. The blocks are placed with floating
cranes oOr cranes operating on a temporary trestle.

Concrete caisson breakwaters have been used extensively in the Great Lakes
and Europe. The caissons are usually box-like units of reinforced concrete
with a closed bottom and diaphragm walls dividing the box into several compart-
ments. Side walls may be vertical or sloping. The caissons are constructed on
shore, launched and towed to the construction site or built in a dry dock and
towed to the site. They are sunk on a prepared foundation of quarry-run stone
leveled by divers, filled with rock or sand, and usually capped with a poured-
in-place concrete superstructure. The caisson type breakwater has the advantage
of minimum time for the sea operations. 1Individual caissons are 30 to 50 feet
wide, up to 30 feet high and 50 to 200 feet long. Construction operations in-
clude placing of the foundation course from scows or by dredging, and filling
of the cells.

Cellular sheet pile breakwaters can be used in soft bottom. Steel sheet
piles are driven to a sufficient depth to prevent erosion and provide lateral
stability, normally a minimum of 10 feet. 1Individual cells are arched on the
sides and ends and each cell is stable by itself. The sheet pile should extend
twice the normal wave height above average high water, or it should be capped

with a poured-in-place concrete sea wall constructed to this height. The cells
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are filled with run-of-quarry stone or sand, and they are capped with a layer
of heavy rock (7 to 20 tons) placed on a filter course. Riprap is placed
against the toe of the sheeting to protect against erosion. Quarry-run stone
capped by heavy stone (1 to 20 tomns) is typical riprap.

Low breakwaters in soft bottom may consist of steel or concrete sheet
piling driven in line, braced with concrete batter piles, and topped with a
poured-in-place concrete cap wall. Such structures can be used for wave heights
up to 10 feet.

The sheet pile breakwaters involve use of a floating pile driver, hauling
of fill materials to the cells in barges, loading the cells, and construction

of sea walls or concrete cap walls.

Sea walls - Sea walls are massive concrete structures used to protect shorelines
subject to wave erosion in storms. The construction operations involved in-
clude foundation excavation, foundation dewatering if necessary, form place-
ment, placement of reinforcing steel, pouring of the concrete, form removal and
backfill behind the sea wall. All of these operations have been discussed pre-
viously. 1In the case of sea walls the construction operations are normally

carried on near the water's edge.

Shore protection systems - A shoreline protection system is used where there

is a permanent change in the shoreline due to wave and current beach erosion.

A decision must be made concerning whether the shoreline must be established at
a particular position or whether it should be allowed to retreat, and if so

at what rate and for how long. There are basically two methods of arresting a
declining beach. The alongshore drift of materials may be reduced along the
affected length until a sufficient supply of new material is accumulated, or the
eroded length of beach may be artificially refilled.

Groynes are wave and current assisting installations placed approximately
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perpendicular to the shoreline and extending both inshore and offshore. One
type of groyne is an open line of piling installed close to mean water level.
Solid groynes utilize rows of short piling. A third type is composed of large
quarry rock or precast concrete units placed in a line from high water out.
The length and spacing of groynes is a function of the rate and limit of 1lit-
toral drift and the maximum size of storm waves.

Intermediate barriers consist of revetments placed parallel to the shore-
line in a position intermediate between high and low water lines. This re-
duces the beach slope both shoreward and seaward. Barriers may or may not be
effective depending on the fraction of the energy of breaking waves absorbed
by the revetment.

Offshore barriers are commonly rock mounds placed parallel to the shore.

" A stable shoreline

Their comstruction has been discussed under 'breakwaters.
may also be maintained by making good deficiencies in littoral drift by placing
imported material on the foreshore. The material may come from borrow on land
or from areas of accretion on the foreshore. Dredging may be used to move

material in the latter case. Construction operations consist of pile driving,

material placement, and the movement of materials along the shoreline.

Construction of Ports and Moorings

Port structures are often referred to as docks, and these include piers,
wharves, and bulkheads. A wharf (quay) is a dock which parallels the shore.
It may or may not be continguous to the shore. A bulkhead (quay wall) is para=-
llel to and away from the shore, being backed up by earth. A pier (jetty) is a
dock which projects into the water (sometimes referred to as a mole or break-
water pier). When it is parallel to the shore and connected ashore by a mole
or trestle it is referred to as a T-head pier or L-shaped pier.

Docks may be constructed for the handling of passengers or general cargo
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or both, or they may be designed to handle special cargoes such as grain, oil,
or ore. Whether a wharf or pier is built depends primarily on the bottom con-
tour out from the shore. Piers are generally preferred for flat slopes and

wharves for steep slopes.

Construction of wharves, piers and bulkheads - Two general types of construction

are used, open and closed or solid construction. For open type construction
the supporting structure consists of transverse rows of piling driven into

the harbor floor. Piling may be wood piles, precast concrete piles or cy-
linders, steel H-piles, or steel pipe~-piles and cylinders. They may be driven
by a pile driver operating from shore or by a floating pile driver. Decks may
be formed in wood, structural steel, or reinforced concrete, and the deck
material may be of wood or reinforced concrete slabs. Precast concrete con-
struction using beams and slabs has become popular in recent years. Construc-
tion operations involved include pile driving, erection and construction of
decking, and placement of precast concrete. Steel piling must have corrosion
protection. Very little wooden construction is used in modern port structures.
Essential structures for cargo and passenger operations are built on top of
the dock.

Closed or solid type construction consists of steel sheet pile cells,
sheet pile bulkheads, concrete caissons, or precast concrete blocks. Steel
sheet pile cells are filled with rockfill and capped with a concrete slab and
bulkhead wall, with sandfill placed on the shore side. Steel and concrete
sheet pile bulkheads consist of a line of sheet piling driven at the dock face
and supported by tie-rods anchored in the natural ground or by batter piling
driven behind the bulkhead. The bulkhead wall is finished with a concrete cap
and fill behind the wall. Concrete caissons are floated into place on a rubble
base, filled with rock, capped with a concrete slab and bulkhead wall, and

finished with a sandfill on the shore side. Precast concrete blocks are placed
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on a rock base and stacked to the desired elevation. A rockfill is placed
immediately behind the block wall for drainage, and normal sandfill is then

placed on the shore side.

Moorings and dolphins - Dolphins are clusters of piling, steel sheet pile cells

capped with heavy concrete slabs, and heavy concrete platform slabs (3 to 6
feet thick) supported by vertical and batter piles of steel and/or precast
concrete. They are used for anchoring, mooring, and breasting ships in the
harbor area.

Offshore moorings normally consist of a single buoy or a series of buoys.
The buoys are steel drums up to 18 feet in diameter and 9 feet deep (the ratio
of diameter to depth normally being 2:1), with a mooring hook to which the ship
is attached. Buoys are held in place with riser wire attached to the buoy
anchor chain, terminating in large anchors on the sea floor. A concrete sinker
on the chain is used to position the buoy.

Heavy single buoy moorings are also used for loading and unloading oil
tankers. The buoy at Marsa el Brega Libya consists of a heavy steel base on
a pile foundation in 140 feet of water. A single vertical shaft extends from
the base to a 48-inch swivel joint 50 feet below the surface. A mooring buoy
floating on the surface is attached to the shaft by chains which keep the shaft
in tension. A universal joint at the base of the shaft permits the buoy to
rotate in any direction. Crude oil flows to the base of the structure through
a 48-inch submerged pipeline and enters the base of the shaft through two
flexible hoses. The ship is moored to the surface buoy, and single or multiple

hoses carry the oil from the swivel at the top of the shaft to the ship.
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Offshore Construction

Mineral Extraction from the Continental Shelf

Dredging operations - Sand, gravel, shell, and certain valuable minerals are

produced by dredging operations in marine waters. Such materials are either

loaded into barges or pumped ashore.

Mineral extraction from seawater - Magnesium and other minerals are produced by

direct processing of seawater. The seawater may be brought to the plant through
pipes or a canal. Within the plant the seawater is then subjected to electro-
lylitic, evaporative, or other extractive processes, and the spent seawater

is returned to the sea through an open canal.

Extraction of petroleum and natural gas - Substantial quantities of petroleum

and natural gas are recovered from wells drilled in wetlands including the
open sea, Drilling platforms may be fixed platforms erected on piles driven
into the floor of the wetland area and capped by a platform located above the
water surface far enough to eliminate wave action on the platform.

In deeper waters, movable platforms are used. These are of two types.
The first type utilizes approximately vertical piles with bottom shoes which
the platform surrounds. The piles are raised during towing to the well site,
where they are lowered to the bottom., The platform is then jacked up to the
required elevation above water. The second type is the drilling ship which
contains the drilling platform. The ship steams to the drilling site where
it is anchored for the drilling operatiom.

Drilling operations in wetlands are carried out using essentially the
same process as on land. All of the drilling equipment is located on the plat-

form, and the drilling operations are closed systems.
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Pipeline Construction

Pipelines are constructed both in shallow coastal areas and in the oceans
to depths down to about 600 feet. Most offshore pipelines are built with steel
pipe which is protected from corrosion by wrapping and coating combined with
cathodic protection. Unburied pipelines are subject to wave and current action,
sharp changes in bottom contour, and bridging due to scour. Pipelines carrying
gas are particularly susceptible to flotation. Weighting the pipeline with a
continuous coating of concrete or asphaltic material will prevent flotation.
Pipeline anchors have also been used. The best protection for pipelines placed
in water is burial to a depth of 4 feet or more. Buried pipelines are subject
to minimum long-term forces, although significant forces may act on the pipe
during the burial process. Burying is expensive and difficult, if not impossible,

on hard bottoms.

Pipeline burial - In shallow water, estuaries and rivers where bottom soils

are cohesive the marine plow has been successfully used. It excavates a steep~-
sloped trench to a depth of 6 feet. Clamshell and dragline excavation is also
used in shallow water. The pipe is laid in the excavated trench, and the trench
may be partially backfilled after completion of pipe-laying.

In deeper waters, stationary suction or cutter dredges and trailing
suction hopper dredges are used. Water depths from 15 to 125 feet are appro-
priate for such equipment. This equipment produces a very wide trench with
flat-side slopes. The pipe is laid in the trench which may be partially back-
filled. 1In deep water the excavating equipment straddles the pipeline as it
reaches bottom, and the equipment excavates and buries the pipe in the same
operation.

The jetbarge is a sled with a fork type high velocity jet. The sled is

towed by the pipe-laying barge. It cuts and scours the bottom and the pipe
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curves down into the trench behind the sled. Backfill is left to natural
movements of bottom materials. In low-cohesive and non-cohesive materials

the Shell Fluidization method has been used. The method consists of towing
along the pipeline a train of carriages equipped with jets which scour away

the bottom under the pipeline and keep the material in suspension. The ad-
justable carriage weight produces an S-curve in the pipeline which allows the
pipe to sink through the fluidized bottom material. Burial depth depends on
train length, weight, and pipeline stiffness. As the train passes, the pipe is

immediately buried by settling and solidification of the sand.

Pipe-laying - Pipe in water is laid from a pipe barge. The jointing and pro-
tective coating processes are completed on the barge. The pipe passes over
the end of the barge and down a position stinger to near the bottom where it
passes through a sag region in which the pipe descends in a flat curve to the
sea floor. Stingers up to 900 feet long and water depths to 300 feet have been
used. For small pipe, the customary method is that which involves keeping the
pipe in tension by applying a longitudinal force at the pipe-laying barge.
Pipe in depths to 500 feet have been laid by this method.

The pipe riser and adjoining section of pipe represent critical portions
of the line. Greater depth of burial and thicker pipe walls are used in the

riser area.
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Chapter 4

PHYSICAL AND CHEMICAL EFFECTS OF CONSTRUCTION

ACTIVITIES WHICH AFFECT WETLANDS

Four main classes of construction activity exert profound effects upon
the riparian and wetland enviromments of the nation. These include general
lowland construction, mineral extraction on land, dam construction, and dredg-
ing and spoil placement. The lowland activities may involve drainage, low-
land and wetland fill, and various types of building comstruction. Although
many of the projects are individually small, the cumulative effect is very
great.

Mineral extraction on land is especially damaging in mountainous regions,
but open pit and strip mining in flat areas also produce widespread deleterious
effects on wetlands. Available data indicate that mineral extraction activities
have already seriously disturbed or destroyed at least 3.2 million acres of
land and water surface including 13,000 miles of streams, 28l natural lakes,
and 168 reservoirs.

Dam construction adversely affects riparian and wetland environments up-
stream, immediately downstream, far downstream, in the estuaries and other
coastal wetlands, and even on the marine beaches. Practically every damable
stream in the nation already is dammed or is planned to be dammed.

Dredging and spoil placement have created widespread envirommental damage.
About 450 million cubic yards of bottom materials are dredged each year. The
U.S. Army Corps of Engineers alone annually maintains about 19,000 miles of
waterways and engages in about 1,000 harbor maintenance projects. O0f the 380
million cubic yards of sediments dredged by the Corps, about two thirds are
dumped back into the water and one third is dumped in riparian environments.

Much of the spoil material is chemically polluted.
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Each type of construction activity is accompanied by its own peculiar
suite of environmental effects. Salient among these are removal of vegetative
cover and topsoil; increased surface runoff and soil erosion; drastic modifica-
tion in patterns of flow and flooding; increased turbidity and sedimentation;
modification of water chemistry through addition of sediments, nutrients, and
pollutants; altered salinity regimes of coastal wetlands; and reduction of
river-borne sand for marine beach nourishment.

In sum, the various types of construction activities are devastating the
nation's lowlands. According to the best present estimate 45 million acres
(or over 35 percent) of our primitive wetland and riparian enviromments have
already been lost. 1In the process, a number of specific habitat types are now
considered to be in great jeopardy.

The present chapter is the analytical bridge between the previous chapter,
dealing with the nature of construction activities, and the following chapter,
which treats the biological and ecological effects. This somewhat unorthodox
handling of the subject provides the opportunity of eventually separating cause
from effect which will permit greater analytical depth and the treatment of
wetland ecological problems within a more generalized frame of reference. For
example, stream sedimentation presents a suite of biological and ecological
problems which are related to one another and which are somewhat independent
of the activity which originally produced the sediment.

The effects of any construction activity fall into three general time-
related categories:

1. direct and immediate results which take place during the construction

process,

2. effects which occur during the period of stabilization following

completion of the construction, and
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3. 1long-term effects or more or less permanent changes brought about
by the construction itself or by subsequent human use and environ-
mental management occasioned by the constructed facilities.
Unfortunately, availabledata seldom permit a careful distinction between the
first two stages given above., Therefore, in the following discussion these
will generally be lumped, and we will treat only two categories, immediate vs.
long=-range effects.

At the outset it must be recognized that the effects of any construction
project will vary with locality and topography, season of the year (especially
in relation to rainfall), detailed methodology of the construction activities,
and the care which is taken during construction to avoid unnecessary environ-
mental damage. Effects of the construction activities will also vary greatly
in terms of areal extent and persistence during time. Many construction activi-
ties do not cause significant environmental damage. However, it is the mission
of the present volume to detail known or potential deleterious effects so that
these may be taken into account in dealing with envirommental impact statements.
Considering the number of construction projects now going on, as noted in the
Introduction, even these minor-effect activities add up to a devastating envir-
ommental toll. Although the case cannot be documented in detail at present, it
is likely that the cumulative effects of the smaller projects often outweigh
effects of the more spectacular visible activities in terms of total impact on
the nation's wetlands.

The order of presentation of the present chapter will follow exactly that
of the previous chapter so that cause and physical-chemical effects can be

directly related.
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Effects of Construction Activities Associated Primarily

with Floodplains, Banks, and Shores

Activities Prior to Construction

The initial survey and other preconstruction activities result in removal
of some vegetative cover and possibly some increase in erosion and surface
runoff. Considering the limited nature of such operations, the effects must
be temporary and highly localized, except in steep terrain where the effects

could be considerable (See section on Effects of Mineral Extraction on Land).

Effects of Construction Involving Impervious

Surfacing and/or Earthwork

As noted earlier, impervious surfacing and earthwork involves a number
of discrete types of activities. The primary effect of each is presented in
the matrix diagram given in Table 4.1.

The initial clearing of the land removes the vegetative cover and permits
the rainfall to strike the bare land surface. Any subsequent digging will
remove topsoil and expose deeper soil layers. Mounds of loose soil may tem-
porarily accumulate within or adjacent to the construction site. All of these
activities lead to increased surface runoff and severe erosion, and the effects
will be accentuated in steep terrain and in rainy weather (Chapman, 1962). 1In
dry weather considerable quantities of soil may be raised as dust clouds which
will be transported at a later date when the rains fall. Runoff and erosion
will add a great deal of soil solids to lowland drainage areas and eventually
into wetland areas in the form of greater water turbidity and increased sedi-
mentation.

Denuded areas have been shown to lose large quantities of dissolved

minerals, particularly sodium, potassium, calcium, magnesium, nitrates, and
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Effects of impervious surfacing and/or earthwork on physical

Table 4.1.

and chemical characteristics of wetlands.
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phosphates. In some cases increased loss of ground water and spring-flow has
been noted immediately following removal of floodplain trees (which normally
pump water up through the roots for transpiration), but even the spring-flow
may eventually diminish as the water table is lowered through 