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Watershed resources play a significant role in the development
of any country. Dependent upon the location of a watershed, they fur-
nish a diversity of primary wood products, contribute forage for live-
Stock and wildlife, yield water fer municinal, agricultural and
industrial developments, and provide many forms of aesthetic and recrea-
tional uses.

In respect to water yield, runoff from the upper reaches of a
watershed flows downstream, supplying water to valleys and joining lakes,
rivers and oceans. Along this path, man's activities may continually
alter the natural hydrologic flow. Land use manipulations for agricul-
ture, urban development, forest harvesting, engineering and mining
purposes are important developmental activities. Unfortunately, these
activities can often have destructive consequences, such as increasing
the rate of sedimentation. Whether or not land use manipulations
bring about desired optimum benefits for a country depends, in
part, upon the magnitude of the destruction of the environment. There-
fore, along with the various natural resource products and uses derived
from a watershed, the associated disadvantages of developmental activ-
1ties shouldalso be fully evaluated. It is here where the role of
effective watershed management becomes important.

Effective watershed resources management in many countries is
currently in the formulative stages. While there may be a trend to
effectively manage a country's water-related resources, the accumulated
effecis of previous abusive use of watersheds will continue to be felt
for some time. It is urgent for ail concerned with watershed manage-
ment to know and apply relevant strategies and techaiques that will
promote effective management and use of a country's natural resources.

At present, current misuse of watershed resources can be
attributed to two important factors: misuse of vegetative cover on a
watershed for short-term economic gains; and lack of an efficient
management system to implement goals and policies for the watershed
resources it a country. Essentially, these factors are management-
oriented problems which may be solved for better overall results.
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While there is a growing realization of the destructive
consequences of past and, at times, current misuse of watersined resources,
the necessary elements of what constitutes effective use of these resour-
ces often elude watershed resource managers and land use planners. Con-
sequently, a well-meaning volicy based on an improper understanding of
o watershed ccosystem may be as detrimental as mismanagement. A case
in point may be a poiicy to indefinitely ban the nharvesting of timber
on otherwise potentialiy harvestable watershed areas. Similarly, it
may be unwise to prescribe timber harvesting on areas potentially sensi-
tive to erosion without a thorough understanding of the ultimate con-
sequences.

To acquire understanaing of the impacts of alternative water-
shed resource management practices and to provide input to the formula-
tion of more effective watershed management policies, a need for
long-term environmental mcoitoring exists. As part of a program for
long-term environmental monitoring, the following subjects must be
addressed: biological, geophysical, chemical and anthropological.
Specific topics to be considered under biological monitoring include
flora and fauna checklists; descriptions o7 biotic popuiations and
cummunities; and quantifications of ecosystems processes and dynamics.
Geophysical topics include measurement of precipitation, air tempera-
ture, and streamflow; description of soil type and associated physical
and chemical properties; and estimates of area or volume of landslides,
intensity and extent of windstorms, cte. Chemical monitoring includes
the detection of pollutants and monitoring of natural substances
through examination of critical components in the atmosphere, precip-
itation, surface water, soil and iitter, and vegetation. Anthropological
monitoring incliudes assessment of demographic characteristics, land
ownership patterns and legal structures.

The primary reason for offering & regional training course in
WATERSHED RESGURCES MANAGEMENT AND ENVIRONMENTAL MONITORING is to provide
background in which natural resource managers and land use planners
concerned with watershed resources can identify relevant goals, synthe-
cize appropriate poiicies, and implement proper management practices.
Only by acquiring the training necessary to obtain required baseline
information (through environmental monitoring) to formulate watershed
resources goals, policies, and management practices can this overall
purpose be achievad.

This syilabus has been prepared to furnish a framework to a
Regional Training Course in WATERSHED RESOURCES MANAGEMENT AND ENVIRON-
MENTAL MONITORING IN HUMID-TROPICAL ECOSYSTEMS. A primary sponsor of
the course was the United Nations E£ducational, Scientific, and Cultural
Organization's Man and Biosphere (MAB) Program. Funding was made avaii-
able, in part, through the United States' Agency for Internationai De-
velopnent (AID) as a contribution to the AID/MAB Education and Training
Program,



Specific materials for the syllabus have been pnrovided by:

Kennetin N. Brooks, University of Minnesota
Brent C. Cluff, University of Arizona
Gordon R. Dutt, University of Arizona

Peter F. Ffolliott, University of Arizona
Martin M. Fogel, University of Arizona

Hans M. Gregersen, University nf Minnesota
Burchard H. Heede, USDA Forest Service '
William 0. Rasmussen, University of Arizona
John L. Thomas, University of Arizone

Much of the subject matter presented in the syllabus is basic
to acquiring an uriderstanding of watershed resources management and en-
vironmental monitoring, with special emphasis on humid and tropical
ecesystems. This syllabus is a second version {the prototype being
dated September 1979), to be revised 2s necessary to acccmmodate the
purposes and objectives of subsequent courses.

Peter F., Ffolliott
February 1980
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CHAPTER 1

CONCEPTS OF
WATERSHED RESOURCES
MANAGEMENT

INRODUCTION

In addition to well-defined agricultural lands and urban areas
is a major portion of the earth's habitable land surface which is for-
est or rangeland, wild lands, marginal lands or undeveloped lands. For
Tack of a more specific term, these residual lands will be called water-
shed lands. They include more than 8C percent of the land on earth.
It is to these watershed lands that we must look for increased producti-
vity of food, fiber, energy, and living space for our growing population,
and it is these lands that currently stand in great danger all over the
world.

This course is directed toward the understanding, planning,
development and management of the land and water resources of watershed
lands. It is aimed particularly at some of the major problems that
concern the use of these lands in the developing countries.

PROBLEMS OF WATERSHED LANDS

The problems of watershed lands in the developing countries are
often connected to social and economic patterns which endanger the
environment. At present, three billion human beings inhabit the earth.
Each day, 200,000 more individuals are added to our planet's population.
By the year 2000, the population could increase to 6 billion. As the
population increases pressure upon natural resources, our planet will
need careful management if mankind is to survive. However, human sur-
vival alone is not enough. The developing nations are aspiring to
equal economic and social standards that will requiie a more fair share
of these resources.

Worldwide, the ratio of land to population is dwindling: in a
number of countries, the amount of cultivated land per person is less



than half a hectare. Only a few decades ago, food production was
increased in most countries by cultivating additional hectares or by
extending grazing areas. Now that option is disappearing in many re-
gions.

At present, between 50 and 5C percent of the population of the
developing nations live on watershed lands. For these millions of
people, it is a fact of life “hat the harder they work. the poorer they
get. Their land is either too steep or too dry or the soil is too poor
to support more than an average level of existence for a few people.
Because of increasirg population and current land uses, fragile environ-
ments are being subjected to mistreatment.

As populations increase, peoples migrate into fragile areas.
In the more humid regions, forested slopes are cleared for fuel, fodder
and primitive cultivation. Fires are allowed to escape from fields and
burn indiscriminately; forests are grazed to an extent that prevents
their reproduction; networks of trails are estabiished with no concern
for the erosion hazard they create. The consequences are accelerated
soil loss and land deterioration, environmental degradation, and fur-
ther impoverismment of the rural inhabitants themselves. In more arid
areas where cultivation or wood harvesting is not possible, overgrazing
is practiced to the extent that more than 4 million square kilometers
of the earth have been converted to unproductive deserts during the
past fifty years.

Another problem in both humid and arid areas is the loss of the
protective cover of the soil and the reduction of the soil reservoir--
the principal means by which water and erosion are controlled on water-
shed lands. The results have been increasad flooding of valleys and
shifting of stream beds resulting in water and silt invading prime
agricultural land, irrigation structures, reservoirs, settlements, and
communications. Stream flow during dry periods becomes unreiiable and
insufficient for the prevention of disease, the maintenance of irriga-
tion works, and for urban and industrial needs. Ground water leveis
decline, resulting in the failure of springs and wells.

EXAMPLES OF WATERSHED LANDS AND THEIR PROBLEMS

Steep and Mountainous Watershed Lands

Steep and mountainous watershed lands make up almost one quarter
of the earth's land surface and are inhabited by 10 percent of the total
world's population. A great proportion of these lands have mesic or
humid climates, vegetative cover (often forest) with little arable soil,
and low population densities. Some of the most severe problems of steep
land watersheds are seen in Nepal where erosion, increased by man's
activities, is contributing 250 million cubic meters of silt to the
Ganetic Plain each year. According to Napli observers, the beds of the
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rivers in the Terai Plain of southern Nepal are rising by 15 to 30
centimeters annuelly which leads to flooding and changing river courses.
The Kosi River, for example, has shifted its course 115 kilometers
westward within the past 150 years, leaving 15,000 square kilometers

of once fertile land buried under a mass of sand and rubble. This pro-
cess has left 6.5 million persons homeless.

The ever increasing populations of Nepal and other countries
in the region arc moving further into the mountains and higher up the
slopes to <eek a means of livelihood. Even with the aid of terracing,
which the farmers of Nepal have been practicing for centuries, these
slopes are too steep and the soils too thin for intense cultivation.
Nevertheless, a single acre of cultivated land must now sunport four
people. The demands of increasing population result in the cultivation
of less suitable soils and steeper lands which leads to a reduction of
overall productivity in the country. In the densely pcpulated eastern
hills of iflepal, as much as 40 percent of what once was farm land has
been abandoned and allowed to revert to bush because it is no longer
fertile enough to support crops. These lands are the sites and sources
of severe eroding, massive land slides, and severe gully erosion. How-
ever, cultivaticn is responsible only in part for the rapid deterior-
ation of the watersheds. Nepal's forest lands stand in much greater
jeopardy. The demands made by increasing numbers of livestock (over
15 million at present) are taking their toll on the forests of the
steep hillslopes by fodder harvesting and overgrazing. Forest and
range fires also present a serious problem.

In many of the steep and mountainous watershed lands of the
vworld, the effects of timber and firewood extraction, forest clearance
for cultivation, grazing, looping for fodder, and burning of the under-
growth, combined with inefficient timber utilization are causinyg a gen-
eral degradation of the forests. The destruction of the forests of
these steep and mountainous watersheds increases every year. In Nepal,
for examnle, these lands (over 80 percent of the country) are likely to
be almost totally denuded by the end of the century.

Dry Watershed Lands

Arid and semiarid regions are not often thought of as watershed
lands. However, the water relationships of these regions are perhaps
more critical to a greater number of people on earth than those of more
humid regions. Water is always in critical balance with arid ecosystems
and this balance is presently being upset by man and his animals at
alarming rates over vast areas.

Dry regions cover niore than one third of the earth's land sur-
face. STightly over half of the dry area is inhabited by 630 million
people. The remainder is so dry and unproductive that it cannot sup-
port human Tife. The degradation of land and water resources by human
activities is turning potentially productive dry lands into unproductive



deserts in Asia, Africa and Latin America. This process is called
desertification. It has been estimated that a collective area larger
than Brazil, with rainfall above the level classified as semiarid,
been deyraded to desert-1like conditions.

About 60 million people in the developing countries live on the
semiarid region between deserts and rore humid areas. Desert encroach-
ment in West Africa has received the greatest international attention
recently. Reliable reports from the Sahara estimate that 650,000 square

kilometers of land suitable for agriculture or intensive grazing have
been lost to that desert over the past 50 years.

One of the most outstanding examples of the problems of dry
watershed lands is the Thor Desert of Western Rajasthan in India. An
average of 61 neople now occupy each square kilometer of these iands. A
consequence of this population pressure has been the extension of crop-
ping to submarginal lands which are fit only for forest or ra.ge. Mean-
while, as the land available for forage shrinks, the number of grazing
animals swells. The area available exclusively for grazing in Western
Rajasthan dropped from 13 to 11 million h=ctares betwz2en 1951 and 1961,
while the population of goats, sheep and cattle jumped from 9.4 to 14.4
million. The livestock population is still growing. During the decade
of the 1960's the cropped area expanded from 26 percent to 38 percent of

the total area, squeezing the grazing area even more.

As long as current land use patterns continue, the livelihcod of
tens of millions living in the arid lands of India will, at best, remain
at its current dismal level. At worst, a prolonged drought in the future
will mercilessly rebalance the number of people with the available re-
sources. As it is, relief programs for the arid zones are seriously
draining the governments' funds and food stores.

Present land use patterns in desert environments must change so
that delicate water relations are not pushed beyond their limits. As
the number of people and animals living in the arid zones climbs and
the quality of the land on which they must live at the same time declines,
the impact will be global unless solutions are found.

Humid Tropical Watershed Lands

There is a common fallacy that the world can fall back on its
tropical watershed basin lands. One quarter of the Asian, African and
Latin American tronics are occupied by these lands. The Amazon Basin,
for example, includes nearly 40 percent of the South American continent,
yet it is inhabited by less than 3 percent of its population.

Another common fallacy is that these lands, because they support
a rich and diverse plant cover, must also be suited to intensive agri-
culture. Unfortunately, tropical rain forests are closed systems with
most of the available nutrients tied up in the vegetative caropy. The



nutrients are easily released to the suil if the canopy is burned. Thus,
these lands are well suited to slash and burn agriculture which has been
practiced in tropical regions for thousands of years. It only becomes

a serious threat when production pressures become toco great to allow a
long enough recovery period between slash and burn cycles. There is

good evidence that these pressuies were largely responsible for the
collapse of several jungle civilizations, notahly the Mayan civilization
of Central America and the ancient Khmer Empire of Cambodia. Their
agricultural practices led to cementation and loss of fertility of the
Tateritic soils they farmed.

Increasing demands for food and fiber are now placing pressure
upon tropical watershed lands on a global scale. In eastern MNigeria,
for instance, the most densely pevilated part of Africa south of the
Sahara, shifting agriculture has b2en forced into shorter and shorter
rotation cycles to the point that it has become continuous cropping.
The result is a loss of nutrients and breakdown of the soil structure.
This decline has been severe in Africa where per capita food production
has actually declined over the past twenty years.

One of the best examples of the problems of tropical watershed
lands are those in the Amazon basin. Most of the soils of the Amazon
basin are poor and could perhaps best be exploited through forestry or
nonagricultural practices. Only about 4 percent of the Brazilian por-
tion of the Amazzn have so0ils with medium to high fertility. Most of
the better soils are in narrow plains along the banks of rivers, and
their development for large scale agriculture will require large expen-
ditures for drainage and flood control. Nevertheless, the Amazonian
governments heve programs to help new farmers from other regions settle
in the basin. Since 1971, fifty thousand families have sett]ed along a
proposed highway between Peru and the Atlantic. With few financial
and administrative resources, and less knowledge of tfropical farming
techniques, even the most successful produce at subsistence levels. It
is probable that many more colonists will find it impossible to make a
Tiving and will abandon their plots after the soil has been severely
deyraded by over-intense, inappropriate cultivation.

THE WATERSHED OR A UNIT FOR DEVELOPMENT

The fundamental unit of water resource management is the water-
shed basin. It may be a catchment area for the precipitation provided
to stream channels or a larger basin which centributes water to a par-
ticular river channel or set of river channels. Biologists, ecologists,
and biogeographers have turned to the watershed as an ideal unit in
which to develop the ecosystem approach. Systeins engineers and econ-
omists view the watershed as the basis for study and development in
terms of river basin planning for economic development. Hydrologists
and cngineers consider the watershed to be a system within which a
balance can be struck between inflow and outflow of water and encrqy.



The term watershed implies a domain or system within boundaries.
The boundaries may be physical ones, such as watershed divides, or they
mey be defined by processes such as runoff. The watershed domain may be
further divided into subcomponents of smaller watersheds or into sub-
processes such as overland flow. Watersheds may be controlled with
physical structures such as the series of dams operated by the Tennessee
Valley Authority in the United States or uncontrolled as are most
watersheds in developing countries.

In a social science context, the watershed has recently emerged
as a logical unit of understanding and policy making. This emergence
is closely connected, in the course of general economic development,
with technological change and shifting demands for the main products of
a watershed: hydroeiectric power, water, timber, livestock, agricultural
crops and the amenities. :

THE ROLE OF THE WATER RESOURCE MANAGER

The water resource manager may be asked to control a watershed
to meet some objective through the appiication of upstream treatments.
His objectives may be to: increase water yields, provide a dependable
supply of water for downstream use, improve forest, range and small
farm production on the watershed, maintain a specified standard of water
quality. reduce erosion and flood hazard, or enhance recreation and
wiildlife on the watershed. These tasks might involve the selection of
appropriatc cover types, harvesting methods, and plant cover or crop
management systems. The water resource manager may have to consider the
feasibility of reservoirs in combination with upstiream watershed struc-
tures and land treatments. The development of surface or ground water
for human and/or animal use or small scale irrigation may also be one of
his responsibilities. The water resource manager must be knowledgeable
in hydrology and he must be always aware of the needs, customs and tra-
ditions of the people who live within and depend directly upon the
watershed areas for their livelihoods. The lives of those people living
downstream from a watershed are also affected by its multiple and inte-
grated products. Perhaps the most important task of the water resource
manager is to apply his skilis toward solvina, in ways which will be ot
greatest benefit to mankind, the numerous problens associated with land
use which currently threaten large areas of the earth.

It is the task of the water resource manager to reduce this im- -
pact, but simply creating new sOurces of water will not solve the pro-
blem. In fact, the development of water in dry environments is often
a major cause of desertification. With water, livestock numbers in-
evitably increase, and each new watering spot becomes a nucleus for
further expanding the desert. The water resource manager in dry environ-
ments must not only know tie techniques of water development, but must
confront the dilemma of: what is essential tc the survival of society
over the long term is usually contrary to what is essential to the sur-
vival of the individual over the short term.



The watershed manager in humid, tropical watershed lands must
know small farming practices and alternatives to these practices,
transport systems and economic marketing, and the hydrology and soils
of humid tropical regions. In steep cr mountaincus regions, he must
be familiar with the techniques of erosion control, rcforestation, and
forest management. He uiust deal with the problems of shifting culti-
vation, fuel wood harvesting, and forest grazing. Groundwater develop-
ment and stream control may be an important part of his job.

THE DEVELOPMENT OF WATER RESOURCES

There is clear evidence that the physical potential exists on
earth to feed a much larger population than now lives here. Despite
this encouragement, it must be remembered that the rcsources of indivi-
dual countries vary widely. Even India is capable of nroducing much
more food than is now being grown because of its abundant sunlight and
deep soils.

Water resource development takes a long time hefore 1t yields
benefits. Political leaders in both the rich and poor countries have
short term goals. They focus on immediate and popular concerns. Yet
the conservation and production of the resources of watershed lands
depend on long term and expensive comnitments. Both the developed and
developing countries must be ready to make this commitment to the develop-
ment of the world's watershed lands if future worldwide disaster is to .
be avoided.

[t is important to recognize that the problems of watershed lands
do not necessarily arise from physical limitations nor from lack of
technical knowledge. The limitations on production and abundance are
found in the political and social structures of nations and the economic
relations among them. The resourcas are there, and their successful
development depends upon the will of men. The water resource manager
can help strengthen this will by presenting and jmplementing good, prac-
tical solutions for developing the productivity of watershed lands
which will provide the greatest benefit to man in the long run.

It must be pointed out that solutions do exist. Much is known
and much more remains to be learned. The problems are complex and
touch sensitive areas of the political, economic and technological struc-
tures of nations. Solutions will not be easy to find. They will re-
quire knowledge, imagination and courage: but they can be obtained when
the best minds endeavor to develop wise policies that will also be
acceptable to the public.

This course has been developed for medium level technicians and
professionals engaged in the management and development of watershed
lands in developing nations. A major aim of this syilabus is to pro-
vide tie water resource technician or manager with information which
will help him improve present land use practices and inform him of other
concepts and techniques in land and water use.



It should be understcod that because of the large scope of this
syllabus, exact solutions to each specific problem of watershed lands
as they may exist under the physical, social and econscinic conditions
in each of the developing nations cannot be given.

Watershed lands are defined broadly os nabitabie arcas of the
earth, but do not include weli defined agricultinal dends, urban
areas, or special reserve arveas. Because the production from these
lands is linked with water, a basic portion of the course will deal with
fundamentals of hydrology; and, because most of the problems in ‘evelop-
ing the multiple products of watershed lands are of social and economic
origin, the course will emphasize thic aspect of development.



CHAPTER II

STATISTICAL METHODS

INTRODUCTION

To many, statistical methods and procedures appear to limit
progress. At the very least, people may be frustrated when attempting
to apply statistical methods and procedures to interpreuv statistical
analyses.

Much of the above-mentioned difficul: wmay be due to not under-
standing the basic objectives of statistics. [ssentially, two primary
objectives exist: to estimate population parameters and to test hypoth-
eses about these parameters,

An example of the first objective is the application of statis-
tical techniques to estimate the mean (average) o7 a population. The
statistician's jeb is to derive proper methods nf collecting the re-
quired source data and, then, calculating the desired statistic (coires
the estimated population mean),

An example of the second chjective is to test the hypothesis
(theory) that the estimated population mean equals or exceeds a prede-
termined value. It is the statistician's job to deveioun appropriate
tests of hypotheses to satisfy this objective. Here, emphasis will be
placed on the first objectcive, specifically, to develop estimates of
population parameters from a series of random vaiues obtained from a
sample of a population.

DEFINITIONS

To apply statistical methods and procedures to natural resource
management problems, it is necessary to develop a working knowledge of
the terms commonly employed in statistics.
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The term siatisiics, for instance, has two accepted meanings.
Statistics (plural) refers to the collection or organization of source
data (..., annual lumher production in Arizona). Statistics (singular)
is the science of analyzing the collected measurements and, guided by
the results of the analysis, inferring general truths.,

A complete aggregate of individuals or items 1n one category
is @ jopul i An Dol population s composed of practically an
unlimited number of individuals or items; while, a <7wiic population is
made-up of a limited number of individuals or items

Nocopland penieno e (D00, the mean) is a quantitative char-
acteristic which describes a population, A orsiler’- ie a quantitative
characteristic which describes a sample obtained from a population.
Statistics based on samples are used to estimate population parameters.

Measurements or observations of small portions of a population
is a awy . Tt s not information about the sample which is being
sought, rather, about the population from which the sample was taken.
The assumption is made that information obtained from a sample also
holds for the population.

A measurable characteristic which varies in amount or magnitude
(tree volume .ic.) is & oarlable, or varijate. Variables that are cap-
able of exhibiting every possible value within any specified range are
continons variables; variables that are manifested in Timited grad-
uations or isolated values are (<cercio variables, or discontinuous
variables. A variable of an associated pair whose value is considered
to depend upon that of the other variable in the p.ir is a dependent
variable; a variable of an associated pair whose value is considered
to determine (or predict) that of the other variable in the pair is an
independent variable, (In some cases, two or more independent variables
can be used in association with one dependent variable.) The definitions
of other terms relevant to statistical methods and procedures may be
found in standard references dealing witn statistical techniques.

DISTRIBUTION FUNCTIONS

A definite pattern of frequency of occurrence of units cf each
of a series of equal classes is a frequency distribution function. A
frequency distribution function shows, for a populaticn, the relative
frequency with which different values of a variable (X) occur. By
knowina the frequency distribution function, it is possible to deter-
mine what proportion of the individuals are within certain size Timits.

Each population has its own distinct frequency distribution
function. However, there are certain general types of functions that
occur quite often. The most common are the normal, the binomial, and
the Poisson. The normal frequency distribution, which is the familiar
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bell-shaped distribution, is widely used in statistical analyses of
watershed resources measurement (Figure 1). Theoretically, the rormal
frequency distribution exhibits the following properties: the mean,
median, and mode are identical in value; small variatinng from the
mean occur move frequently than large variations; and positive and
negative variations about the mean occur with equal irequency.

The Lol Srogiedce o Jrete o s associated with data
where a fixed number of individuals are observed an cach unit and the
unit is characterized by the number of individuals having sowme partic-
ular attribute. The o aagon [poguciy Jdicteiiation nay arise where
individual units are characterized by a count having no fixed upper
Timit, particulerly if zeve or very low counts tend Lo predominato.

In addition to knowing the relative frequency thatl uitferent
values of a variable (X) occur in a population, anc nmay al-o wish Lo
know what propovtion of a population lies between specificd Himits of
X. Tor example, a watershed resources manager miaght wish te know what
proportion of all precipitation events occurring an a river basin lie
within a particular interval of X vaiucs, where the intorval of X

alues defines o range in precipitation amounts. To »‘taln this sort
of information, it is necessary to construct o wesolor o e sy

“piiuidon function. Normally, to develep a cumulative frequency
i1str1uut1on function, values of X are cumulated ‘LJIIIHU with the
smallest value of X and proceeding to the largest valuce (Fiqure 2).
Cumulative frequency distribution functions that are developed by
starting with the largest value of X and proceeding to the smallest
value are comonly referred to as cacrrdence cupocs,

BASIC TERMS AND CALCULATIONS
To develop an understanding of statistical methods and proce-

dures, it is important to obtain a working knowledge of basic terms and
calculations.

Measures of Central Tendency

Many probiems; in natural re-ource measurements require the de-
termination of a ceniral value of a series of random values obtained
from a sample of a population. Oiten, <ome kind of "average" is de-
sired, but thic is not the only measure of central tendency.

Perhaps the rican (or average) is the most familiar and commonly
used measure of central tendency. Given source data obtained from a
simple random samp'e (note: all statistical formulae described in
this chapter have their roots in simple random sampling), the mean is
calculated as follows:
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x = estimzted population mean

x = individuai random value in the sample series

n = number of random values in the sample series (zZ.<., sample
size).

Another measure of central tendency is the median. The mediar
of a series of random values obtained from a sample of a population,
arranged (ranked) in order of size, is the value halfway through the
series. 1f tho number of random values is odd (3, 5, 7, «#i-.), little
problen exists in selecting the median. tHowever, 1f the number of
random valuos is even (4, 6, 8, «t-.), the "true" median is the value
halfway betweern the two central values.

Still another wmeasure of central tendency is the mode.  When
a series of randon values is arranged by classes and frequencies (Z.c.,
a frequency distribution), in many cases one class (or a few classes)
show the highest frequency of occurrence, The class (or classes) with
the highest frequency of occurrence indicates the mode (or modes).

In applying statistical methods and procedures to natural re-
source measurenent protlems, it is orten assumed thal the basic mea-
surements exhibit a normal frequency distribution.  With a normal
frequency di<tribution, the mean, median, and mode are ideitical.  How-
ever, if the basic measurements are not normally distributed, these
measures of central tender-y are not identical. In these latter in-
stances, care must be exercised to select the measure of central ten-
dency most appropriate to the specific problem.

Measures of Dispersion

Measures of central tendency are fundamental descriptions of
a series of random values obtained from a sample of a population.
However, other measures may alsc be necessary for a "finer" definition
of a series of random values. Measures of dispersion (or variability)
serve this purpose since they define the extent to which individuals
in a series vary from the central tendency.

The sige represents the total interval between the smallest
and largest values in a series of random values obtained from a sample
of a population. It gives prelimi ry information on disgersion of
random values in a series.
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Perhaps the most important measure of dispersion is the
variunce, which characterizes the variability of individual random
values about the mean. This measure gives an idea of whether most
individuals in a series are close to the mean, or spread out. Given
basic source data obtained from a simple random sample, the variance
is catculated as follows:

" . -2
2 _ v{x - %)
S = LA
n -1
where:
52 = estimated variarnce

and the other terms are defined as above.

Another mathematical expression of the variance. and a formula
more easily solved, is: '

where all terms are defined as above. The square root of the vari-
ance (s) is the siandard deviation, which is used in calculating the
coefficient of variation, among other statistics.

Generally, a series of random values obtained from a sample of
a population which exhibits a Targe mean shows nore variability than a
series of values from a population with a small mean, The cocfficient
of variation facilitates comparisons of variability about different
sized means. It is a imeasure of relative variability. Given basic
data obtained from a simple random sample, the coefficient of vari-
ation is calculated as follows:

R
X
where:
CV = estimated coefficient of variation

standard deviation (square root of the variance)

x1 Wun

estinated population mean

Usuz1ly, there is variation among the individuals in a series
of random values obtained from a sample of a population, which can be
measured by calculating the variance. It is conceivable, therefore,
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that variation may also exist among a series of estimated means
calculated from a set of different random samples obtained from a
population. The standard ervor of the mean is & measure of dispersion
among different sample means, just as the variance is a measure of
dispersion among individuals in a series of random values.

Fortunatety, it is not necessary to take many different random
samples t3 calculate the standard error of the mean., A satisfactory
estimate can be calculated directly from a single sample.

The calculation of the standard error of the mean depends on
how the random sample was selected. If the sample was drawn from an
infinite population ({.e., a population that is large relative to the
sample size), and given basic data obtained from a simple random
sample, the standard error of the mean is calculated as follows:

_ 32 5
S - = — i ———
X n /ﬁ
where:
S i estimated standard error of the mean

and the other terms are defined as abgove.

Confidence Limits

The statistical way of indicating the reliability of an esti-
mate of a population parameter (a statistic) is to establish confidence
limcts. For an estimate of a population parameter made from a normally
distributed population, and given basic source data obtained from a
simple random sample, confidence 1imits about an estimated mean are
calculated as follows:

CI = M t (S)'()(t)
where:
estimated convidence 1imite

(ep]
—
W H

5- = estimated standard error of the mean

ot X
1]

tabular value (Table 1) used to define a statement of the
Tevel of probability for statistical inferences.
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Table 1. The Distribution of the t Statistic
Probability
df 0.1 0.05 0.01
1 6.314 12.706 3.657
2 2.920 4,303 9.925
3 2.353 3.182 5.84"
4 2.132 2.776 4.604
5 2.015 2.571 4,032
6 1.942 2.447 3.707
7 1.895 2.365 3.499
8 1.860 2.306 3.355
9 1.833 2.262 3.250
10 1.812 2.228 3.169
11 1.796 2.201 3.106
12 1.782 2.179 3.055
13 1.771 2.160C 3.012
14 1.761 2.145 2.977
15 1.753 2.131 2.947
16 1.746 2.120 2.921
17 1.740 2.110 2.898
18 1.734 2.101 2.878
19 1.729 2.093 2.861
20 1.725 2.086 2.845
25 1.708 2.060 2.787
30 1.697 2.042 2.750
o 1.645 1.960 2.576




17

The Distribution of t

A portion of the distributicn of the t statistic is given in
Table 1. To use with a simple random sample, the column labeled df
(degrees of freedom) will equal one less than the sample size (n - 1).
The columns labeled probability refer to the odds specified. In the
development of confidence 1imits at the 90 percent probability level,
for instance, the t values in the 0.10 column are used, If confidence
limits at the 95 percent probability are specified, the 0.05 column is
used ete.

SAMPLING TECHNIQUES

Obviously, it may be desirable to have a complete census of a
population. A complete enumeration is rarely possible, however, and
a sample is usually taken.

Sample Size

Samples cost money, but so do errors. The primary objective
of sampling is to take enough observations to obtain a desired level
of precision--no more, no less. The number of observations to be
taken in a sample depends upon two factors: the inherent variability
of the population being sampled and the desired level of precision
(Z.e., sampling error).

The equation used to calculate a sample size is derived by
transforming the relationship expressing the confidence limits for the
mean. Here, it is desired to have the product (s-)(t) equal to or
less than some arbitrarily specified level of preéision. Thus:

£ = (s5)(t)

where:

E = specified level of precision

and the other terms are defined as aboye. This relationship may also
be expressed as follows:



The equation used to calculate a sample size is derived by
squaring all of the terms in the above relationship, and then solving
for n (the sample size). Therefore, assuming that a simple random
sample will be implemented, the sample size is calculated as follows:

D)
2
where:
n = sample size

and the other terms are defined as above. To calculate sample size,
it is necessary to have an estimate of the variance, which can be ob-
tained from a preliminary sample of the population. Also, a t value
at the appropriate level of probability is needed and the level of
precision must be specified.

Size and Shape of Individual Sample Units

The size and shape of the individual sample units affect the
cost and precision of sampling. Often, small plots exhibit more
variability than large plots and, in many instances, circular plots
may be easier to establish than rectangular plots. It is necessary,
therefore, to select the size and shape of individual sample units
that are compatible with the sampling objectives and the inherent
variability of the population being sampled.

Sampling Designs

After computing the sample size and selecting the appropriate
size and shape of the individual sample units, it becomes necessary to
allocate the sample units to obtain source data necessary to estimate
the required population parameters. The problem is to decide on the
most efficient sampling design in terms of the sampling objectives and
the characteristics of the population.

Many sampling designs and variations of sampling designs exist.
Three basic sampling designs often employed in natural resource mea-
surements are: simple random sampling, stratified random sampling,
and systematic sampling.

The fundamental idea behind simple random sampling, when
allocating a sample of n units is that every possible combination of
n units has an equal chance of being selected. And, the selection of
any given sampie unit is completely independent of the selection of
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all other units. (A11 of the statistical methods and procedures
previously discussed in this chapter have their roots in simple random

sampling.)

Often, previous knowledge of a population can be used to in-
crease the precision, or usefulness, of a sample. Stratificd random
sampling takes advantage of certain types of information about a pop-
ulation by grouping homogeneous units of a population together on the
basis of some characteristic (vegetation, cover type, age class, util-
ization class, etc.). Then, each unit, or stratum, is sampled (using
a simple random sampling design) and the group estimates are combined
to estimate population parameters.

As the name implies, sample units in a syctematic sample are
allocated, not randomly, but mechanically, accordinyg to a predetermined
pattern. Systematic sampling has been widely used in natural resource
measurements for two reasons: the location of individual sample units
in the field is often easier and cheaper, and there is a feeling that
a sample deliberately spread out over a population may be more "repre-
sentative" than a simple random sample. Statisticians may not argue
against the first reason, but they are less willing to accept the
second. Estimation of sampling errors of a sample requires nore know-
ledge about a population than is usually available,

REGRESSION ANALYSES

An important statistical tool often used in analyzing natural
resource measurements is regression analysis. The basic objective of
regression analysis is to quantify relationships between two or more
variables.

A simple regression defines the relationship between a denen-
dent variable (Y) and one independent variable (X). A simple linear
regression is used with a straight-line relationship between two
variables. Other simple regression analyses may involve nonlinear
relationships (parabolic, exponential, logarithmic, ete.)

The general model for a simple regression 1is:

Y=a+b (X)
where:
Y = dependent variable
X = independent variable

reqress1on coefficients estimated by statistical formulae,
as given below:

jal)
o
i
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a =Y - b(X)
There are several methods of determining "how well" a regress18n

lire fits the sample data. Often, the coefficient of determination (
is calculated, as follows:

2 (z(XY) - —hn

(2X)

(zx2 -

One common means of interpreting the coefficient of determina-
tion is: if the r value is 0.65, "65 percent of the variation in Y is
associated with X." For example, 65 percent of the variation in annual
precipitation amount is "explained" by elevation.

Frequently, the dependent variable is related to more than one
independent variable, If this relationship can be estimated, using
multiple regression analysis, it may allcw more precise pred1ct|ons of
the dependent variable than is possible by a simple regression,

The general model for a multiple regression is

Yo=a+b(Xy) +c(X) .

where:

a,b,c = estimated regression coefficients.

KEY TO BASIC STATISTICAL TESTS

Many of the foregoing definitions are basic. The concepts pre-
sented are quite general and underlie most o! statistical theory.
Little has been offered in terms of specific direction for the user,
Obviously, further and more specialized training is one remedy. How-
ever, until this is obtained, there are several points that a user
should concider to improve his general statistical performance:

(1) First, and probably most importantly, wunderstand the method
you intend to use. It should be evident that statistics is an
extensive and complex subject. In fact, statisticians are
often unsure of their own conclusions and commonly discuss
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them with their colleagues for verification. So, be sure that
you know the method thoroughly; then, you will be much Tess
likely to misuse it.

Keep it oinplo.  Where there is a choice, use the simpler
method. There is no need to apply the latest analysis tool if
an older, simpler one tells us what we want to know. TFurther-
more, there is less chance of qoing wrong when the simpler
method is used.

Plan ofwod.  To obtain an adequate performance, planning must
be done at the outset. Be sure to allow enough time for all
aspects of an investigation. Unfortunately, a common practice
15 to leave analysis and interpretation to a time when there is
no possible way to do an adequate job.

ddopt ¢ exitical altitude when examining the results of an
analysis. Try to let the data (rather than your nreconceptions)
lead your thoughts.

Statictical analysis cannot be UO"UZ(LPZ” reduced to a routine
process.  In particular, do not be led astray by "computer
analysis" packages. While many computer programs are good
tools, it should be kept in mind that computers do not analyze
--and they never will. Become familiar with programs which are
useful, but do not surrender your analyses to them.

Respeet your professional judgment. Your training and experi-
ence give you an ability to see the elements and relationsnips
in your science and profession better than a layman,

To assist watershed resources managers in selecting the

appropriate statistical test to apply in given situations, the fol-

Towing key to basic statistical tests 1is presented. Nh1|e this key

includes many of the commonly employed statistical methods and pro-

cedures available for consideration, the user is advised to consult

statistical references before making a final decisicn as to approach
in analyses.

Go to Step
Step Number Number
1. Enumeration (or attribute or discrete) data only . . . 2
1. Continuous (or measurement) data; or both continuous and
enumeration data . . . . e e 4
2. Only two criteria of c1ass1f1cat1on for each
attribute . . . . . . CHI-SQUARE 2x2

2. More than two cr1ter1a of c]ass1f1cat1on for one or
more of the attributes . . . . . . . . . . . . . .. 3
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Step Number

4.

3.
3.

One
Two

Go to Step

Two criteria for one attribute, more
than two for the other . . CHI-SQUARE Rx?2

Mure than two criteria for each

attribute . . . . . . . . . CHI-SQUARE RxC

grocn o1 sampling un1ts .

or more groups of sampling units .

Two variables measured in each

sampling unit

More than two var1ab1ee measured

in each sampling unit MULTIPLE REGRESSION

6. Neither variable dependent

on the otker . . . . . . . . CORRELATION

6. One variable aepondent on the
other .
7. Straight 11nc re1dt1on

between variables LINEAR<BEGRESSION

7. Curved Gine relation
between v.riables. CURVILINEAR REGRESSION

One variable measured for each
sampling unit
Two or more Vdr1ab1es mea&ured for
eazn sampling unit . .
5. Only two groups of sam311nq
units .
9. More than tJo gvoupg o‘
sampling units . . ANALYSIS OF VARIANCE

10. Individuals from one
group paired with
those in the other. t-TEST, PAIRED TNDIV

10. Individuals not

paired
11. Groups of equa]
size . . . . . t-TEST, EQUAL GROUPS
11. Groups of unequal
size . . . . t-TEST, UNEQUAL GROUPS
12. Twc variables measured
in two or more groups . . . . . . COVARIANCE

13. Three or more variables measured
in two or more groups . MULTIPLE COVARIANCE

Number

12
10

11
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CHAPTER 111

THE HYDROLOGIC CYCLE

INTRODUCTION

Tne hydrologic balance or water budget is both a fundamental
concept of hydrology and a useful method for the study of the nydrologic
cycle. The hydrologic cycle represents the precesses and pathways in-
volved in the circulation of water from fand and water bodies, to the
atmosphere and hack again (Figure 1). The cycle is complex and dynamic
but can be simplified if we categorize components iniv input, output or
storages. Input such as rainfall, snownelt and condensation must balance
with changes in storage and with outputs which incinde streamilow,
groundwater, and evapotranspiration. The water budget is essentially
an accounting procedure which quantifies and balances fthese components.

The quantities of water in the atmosphere, soils. gioundwater,
surface water and other components are constantly changing because of
the dynamic nature of the hydrologic cycle. At any one point in time,
however, quantities of water in cach component can be approximated.  1f
vie consider the total water resource cn the earth, only about 3 percent
is fresh water. About 77 percent of this fresh water is tied up in
the polar ice caps and glaciers, and 11 percent is stored in deep ground-
water aquifers, iecaving 11.6 percent for active civculation. OFf this
11.6 percent, anly 0.55 percent exists in the atmosphere and biosphere
(fram the top of trees to the lowest roots). The atmosphere redistrib-
utes evaporated water by precipitation and condensation. Components of
the biosphere partition this water into runoff, soil water storage,
groundwater or bhack to the atmosphere,

The hydrelogic processes of the biosphere and the effects of
vegetation and soils on these processes are of particular interest to
watershed managers.  Processes such as precipitation, infiltration,
percolation, evaporration, transpiration, surface-runoff, subsurface
flow and groundwater flow can all be affected by land management activ-
ities. Likewise, man can alter the magnitude of various storage



24

Aimosphere

Interception Loss
Precipitation & Evapotronspiration

Evaporation

Overland

Subsurface
Flow

Groundwater

Flow ———— v

Stream Flow
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components inciuding soil water, snowpacks, lakes, reservoirs and rivers.
With a water budget we can examine existing watershed systems, quantify
the effecls of management impacts on the hydrologic cycle and in some
cases predict or estimate the hydrologic consequences of proposed or
future activities.

HYDROLOGIC PROCESSES

Precipitation

Precipitation occurs when three conditions in the atmosphere
are met: (1) the atmosphere becomes saturated, (2) small particles or
nur‘oi are present in the atmosphere upon which condensation or sublim-

Lion can take place, and (3) water or ice particles must unite and

arov arge enough to fa11 under the influence of gravity. Saturation
vesulte when 2ither the air mass 1s cooled until the satureted vapor
pressure 1S reached or when moisture s added to the air mass. Rarely
dees the direct introduction of moist aiv cause precipitation. More
commonly precipitation occurs when an air mass 1s 11fted, becomes cooled,
and reaches its saturated vapor pressure.  Air masses are lifted as a
esult of (1) frontal systems, (2) orographic effects, or (3) convection.
Different storm and precipitation characteristics result frowm each of
these 1ifting procesces.

Focgot s pccelpibattorn occurs when two air masses of different
temperature and mo1;ture content are brought together by general circu-.
Fation and air becemes 1ifted at che frontal surface. A old s ree-

sults from o cold air mass replacing and 1ifting a warm air mass. Con-
versely . a oo et results when warm ai: rides up and over a cold air
mass. Cold fronts are characterized by high intensity rainfall or rel-
atively <hort curation and usually have less areal extent than warm
fronts. Widespread, gentle rainfall is more characteristic of warm
fronts.

i gl prestpitation occurs when an air mess is forced up and
over mountain ranqc* as a result of general circulatiorn. As the air mass
hecomes Tifted, a greater volume of the air mass reaches saturation vapor
pressure resulting in a general increase in precipitation with increas-
ing elevation. Once the air mass passes over mountains, a lowering and
wariiing of the air occurs. This results in a rain shadcw ceffect on the
Teeward side of mountain ranges.

Conocet e ppecsiptiation, as characteriz ed by summer thunderstorms,
i= the result of exco sive heating of the earth's surface. When the air
adjacent to tho guvfaCL becomes warmer than the air mass above, 1ifting
occurs. As the air rises and condensation takes place. the latent heat
of vaporization is reieased, more energy is added to the air mass and
consequently more 1ifting occurs. Rapidly uplifted air can recach high
altitudes where water droplets become frozen and hail forms or becomes
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intermixed with rainfall. Such rain or hail storms are of the most
severe precipitation events anywhere. High intensity, short duration
rainfall over rather limited areas characterize convective storms.
Numerous thunderstorms can cccur over a widespread area, however, and
can cause flash flooding.

Interception--Net Precipitation

Once rainfall or snowfall has occurred, the type, extent, ard
condition of vegetation can strongly influence where and how much pre-
cipitation reaches the soil surface. Dense coniferous forests in
northern latitudes and the multi-storied canopies of the tropics can
catch and store large quantities of precipitation which ultimately
evaporate and are lost from the watershed. In the tropics, over 70 per-
cent of the annual precipitation may be lost via interception. As we
proceed to more arid or semi-arid environments, and mere sparse vegeta-
tion, the interception losses become less important. Although we gen-
erally consider forests to have the highest interception losses, at
times, grasses may intercept 10 to 20 percent of gross precipitation.

Not ali the precipitation which is caught by a forest canopy 1s
lost to the atwosphere. Much may drip off the foliage or run down the
stems and thereby reach the soil surface. Converscly, not all the pre-
cipitation that penetrates the forest canopy becomes available for
either soil water or runoff. The litter which accumulates on the for-
est floor can store large quantities of precipitation which ultimately
evaporate.

In most water budget studies, interception loss is considered to
be an important storage term which should be subtracted from gross pre-
cipitation. The result is nct joecipitation, or that amount of precip-
itation that is available to either replienish soil water deficits or
become surface, subsurface or groundwater flow out of the system.

Movement of Water Into and Through the Soil

The rate of new precipitation, once it reaches the forest floor
or soil surface, depends upon the soil surface conditions and the phys-
ical characteristics of the soil itself. Of primary interest are those
factors which affect the rate at which water can enter the soil and the
subsequent rate of movement through the soil.

Plant material or litter on the soil surface influences the
amount and rate of movement of water into the soil surface. Litter can
be viewed as two hydrologically distinct layers: (1) an upper horizon
composed of leaves, stems and other undecomposed plant material, and (2)
a lower horizon of decomposed plant material which behaves much like
mineral soil. The upper horizon protects the soil surface from the
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energy of raindrop impact which could displace smaller soil particles
into voids and effectively seal the soil surface. Plant debris also
hinders any surface runoff which might occur and, n etfect, minimizes
overland flow.  The lower horizon has a substantial storage capacity,
over 200 percent by weight in some instances.  Thus plant Titter is im-
portant as bhoth a storage component and as o prulective cover which
maintains an “open” soil surface condition favorable for high rates

of water entry into the surface.

The precess by which water enters the soii surface i1s called
Dl e on, Infiltration results trom the combined forces of capil-
Tarity and gravity. If we applied water to a dry, medium textured soil,
a very rapid initial infiltraticn rate would be observed. This high
initial rate is due to the strong physical attraction of soil particles
to water {canillarity). As time proceeds and the soil water content in-
creases. the rete of infiltration eventually becomes a constant. At
this time, infiitration 1s only as rapid as the rate which the soil can
drain under the influence of gravily. The process of saturated flow
thirough the soil mantle under gravitational forces is called jercolaiion,

Evapotranspiration

Evaporation from soils, plant surfaces and weter bodies, and
transporation through plant stomata are often considered collectively as
evapotranspiracion (ET). Evapotranspiration is of particular interest
to watershed managers because it strongly affects the water yield
characteristics of an area and is often influenced by forest and range
management practices.

The evaporation process is simply the net loss of water from a
surface by means of a change in state of water from liquid to vapor,
The requirenients for evaporation or transpiration are:

(1) a flow of energy to iie evaporating or transpiring surface;
(2) a flow of vapor away irom these surfaces; and
(3) a flow of liquid water to these surfaces.

If one or more of these flows are changed, there is a corresponding
change in the total ET loss from a surface. Conditions that control the
net flow of energy by radiation, convection, and conduction to evapor-
ating surfaces determine the amount of energy available for the latent
heat of vaporization. The aibedo or reflectivity of the evaporating
surface determines the proportion of incident solar radiation that is
absorbed by the surface. This absorbed solar radiation plus the net
longwave radiation constitutes the net all-wave radiation which is avail-
able Lo evaporete water, heat the air, or heat the so0il system. When
water 1s readily available, most of this net radiation is utilized in
the ET process. Some studies have shown that cver 80 percent of net
radiation is utilized in ET for well-watered soils with a dense
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vegetative cover. As water becomes limiting, a greater proportion of the
net radiation goes into heating the air and soil surfaces.

Runoff

Runoff refers to the various processes and pathways by which
excess water becomes streamflow. Excess water represents that part of
total precipitation wiich runs off the land surface and that which
drains from the soil and is thus not consumed by ET. Some water flows
rather quickly to produce streamflow yet other pathways have a deten-
tion storage time which may take weeks or months for excess precipita-
tion to show up as streamflow. If we were to identify the major path-
ways of flow and compare thiese with a sireanilow hydrograph (Lhe graphical
relationship of streamflcw discharge (m3/sec) plotted against time) Trom
a watershed, the runoff process can be somewhat simplified (Figure 2).

A perennial stream, I..., one which flows throughout the year,
is most likely being fed by groundwater, pathway "D (Figurc 2). This
comporent sustains streanflow between periods of precipitation or snow-
melt. Because of the long and tortuous pathways involved, groundwater
flow, hence baseflow, does not respond quickly to moisture input.

Once rainfall or srowmelt occurs, several additional pathways of
flow feed streamflow. The most direct pathway from precipitation to
streamflow is that part which falls directly into the stream channel,
called civon/ interecption (A in Figure 2).  This component causes the
initial rise in the streamflow hydrograph and ceases soon after precip-
itation stops. wwfuce ol or vocidond Sow occurs from impervious
areas or areas in which the rainfall rate exceeds the infiltration
capacity of the soil (B). Some surface runcff is detained by the
roughness of the soil surface, but nevertheless represents a quick Tlow
response to moisture input, second only to channel interception. During
a rainstorm, this component of the hydrograph would be relatively large
for urban areas but typically insignificant fur forested areas with deep
soils.

Subsur face jlow or incerflow 1s that part of precipitation which
infiltrates, yet arrives at the stream channel over a short enough time
period to be considered a part of the storm hydrograph, illustrated as
pathway "C" (Figure 2). This is considered to be the major contributing
pathway of storm hydrographs from forested watersheds.

The sum of channel interception, surface and subsurface flow is
called direct runcff or stormflow. Direct runoff is the part of the
hydrograph of interest when we look at the flood-producing characteris-
tics of most watersheds.

Although we can conceptually visualize the four major pathways
of flow, subsurface flow is particularly difficult to measure or
separate from the others. Alsc, the actual pathway from rainfall to
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streamflow may in reality involve surface and subsurface flow. Water may
infiltrate in one area and exfiltrate downslope and run over the land
surface for some distance. Conversely, some surface rurioff may collect
in depressions in the land surface to be evaporated or infiltrated at
some later time. By viewing the total streamflow hydrograph, thercfore,
we are seeing the total integrated response of a watershed to some quan-
tity of moisture input.

WATER BUDGET CONCEPT
The water budget is simply an application of the conservation of

mass principle to the hydrologic cycle. That is, for a given watershed
and a certain time interval:

I -0=AS
where:
1 = inflow of water to the system
0 = outflow of water from the system
AS = change in storage of the volume of water in the system.

Substituting with the hydrologic components of a watershed or
river basin, the above relationship for a given time interval becomes:

P-(Q+ET)*+L =4S

where:

P = total precipitation
Q = total runoff or streamflow, including measured
groundwater flow
ET = total evaporation and transpiration losses
L = leakage out of the system by deep seepage (=) or

leakage into the system (+) from an adjacent
watershed
AS = change in stcrage in the systenm

Water budgets can be determined for small plots, headwater drain-
ages, large river basins or even continents. If a water budget was to
be determined over one year for all land and water areas, the total
change in storage would usually be very small.

By looking at the ratio ET/P we can make relative comparisons
of the abundance of water. A high ratio indicates a more arid climate
(Australia), a lower ratio a more wet climate (Europe). Water budgets
for such large areas do not tell us anything about the distribution of
precipitation and streamflow within the continents. The unequal dis-
tribution of water supplies over continental areas and with respect to
season results in many of our water resource probiems. Thus, water
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budget studies are typically performed on river basins or individual
watersheds, and often for time periods shorter than one year.

THE WATER BUDGET AS A HYDROLOGIC METHOD

The application of a water budget as a hydrologic tool is rela-
tively simple; if all but one component of a system can either be
measured or estimated, then we can solve directly for the unknown part.

The anrual water budget for a watershed or drainage basin is
often used because of the simplifying assumption that changes in storage
over a year period are very small in many instances. Computations for
the water budget could be made, beqinning and ending with wet months (A
- M) or dry months (B - B') as illustrated in Figure 3. In either case,
the «ifference in soil water content (storage) between the beginning
and ending of the period is small. By measuring the total precipitation
and streamfiow for the year, the annual evapotranspivation {(ET) can be
estimated from the following:

ET =P - Q
Provided that a reasonable estimate of precipitation on the watershed is
obtained, the next major assumption is that the total! outflow of Tiquid
water from the watershed has been measured. This implies that there is
no loss of water by deep seepage to underground strata and that all
groundwater flow from the watershed is measured at the gaging site. If
certain kinds of geologic strata such as limestone underlie a watershed,
the curface watershed boundaries may not coincide with the boundaries
governing the flow of groundwater. In such cases there are two unknowns
in the water budget, ET and groundwater seepage (L), which result in:

ET+ 1 =P -Q

if losses to groundwater are suspected, they can sometimes he estimated
by specialists in hydrogeology who have knowledge of geologic strata
and respective nhydraulic conductivities.

The change in storage can sometimes be difficult to quantify
when we cannot assume that change in storage is small over the time in-
terval. Estimates of change in storage become more difficult as compu-
tational interval diminishes and as the size of the area under
investigation increases. The change of storage for a small vegetated
plot may involve only periodic measurements of soil water content. Such
measurements can be made gravimetrically (weighing a known volume of
soil, drying the soil in an oven and reweighinu), with neutron attenua-
tion praobes or other methods. As the size of the area increases, the
storage changes of surface reservoirs, lakes and groundwater must also
be considered. Stage-elevation-outflow data are needed to evaluate
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changes in lake or reservoir storage, and are not particularly difficult
to analyze when compared with storage changes in surface soils and
geologic strata.

The soil-water-storage component is usually aistinguished from
qeologic strata in water budget computations, as that part which can be
depleted by evapotranspiration. Diurnal as well as seasonal changes in
storage of the soil mantle can be significant. The underlying geologic
s .rata, on the other hand, represents a zone in which changes in storage
are slow. Recharye and drainage account for changes in storage within
strata below the soil mantile. These strata along with unconsolidated
sand and gravel deposits are the sources of sustained streamflow yield
[baseflow) from many watersheds.

Energy Budget

Solar energy is the driving force of the hydrologic cycle. As
with the water budget, the components of the energy cycle can be iden-
tified and partitioned. Some of these components can then be related
to parts of the water budget. The linkage between the water and energy
budgets is direct; net energy available at the earth's surface is
apportioned largely as & result of quantities of water in the various
storage components. The primary purposes for studying the energy
budget, like the water budget, are to develop a beiter understanding of
the hydrologic cycle and to be able to quantify or estimate certain
narts of the cycle. The energy budget has been widely used to estimate
evaporation from bodies of water, the potential evapotranspiration for
terrestrial systems, and has also been used to estimate snowmelt.

The earth's surface neither gains nor loses significant quan-
tities of energy over long periods of time, but there may be a net gain
or a net loss for any given time interval due to different types of
solar radiation. The net radiation is the residual of incoming and out-
going short-wave and long-wave radiation. The albedo or reflectivity
of the terrestrial system determines the proportion of total incoming
short-wave radiation which is reflected from natural surfaces back into
the atmosphere. The apportionment of solar radiation is also affected
by weather ronditions. On the average, about 85 percent of the total
downward stream of solar radiation is direct solar, but during cloudy
days the diffuse or scattered short-wave radiation is the only short-
wave input. Likewise, the Tong-wave radiation components are affected
by atmespheric conditions. A cloudy or hazy atmosphere essentially
traps long-wave radiation which would otherwise be Tost from the earth,
resulting in a larger incoming component than an outgoing component.

The emittirg constituents of long-wave radiation in the atmosphere are
primarily €07, ©, and the liquid and vapor forms of water. Terrestrial
objects absorb end radiate long-wave radiation very efficiently, ap-
proaching 100 percent. Therefore, reflectivitv of long-wave radiation
by terrestrial objects is considered negligible.
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The energy budget (or energy balance) can be described by:

Rn=(S+S)(]—u)+H-H
where:
Rn = net radiation in langleys/time
S = direct solar radiation in langleys/time
s = indirect, scattered solar radiation in langleys/time
a = albedo, or reflectivity of surface to solar radiation
I+ = incoming longwave radiation in langleys/tiine
I+ = outgoing longwave radiation in langleys/time

Net radiation may either be positive or negative for any arbi-
trary time interval. When positive, R, represents excess radiation
energy for some time interval, which can be allocated in the following
manner:

R, = (LY(E) + H+ G+ PS
where:
L = lantent heat of vaporation in calories/gram
E = evaporation in grams or centimeters
H = sensible heat in langleys
G = heat of conduction to ground in langleys
PS = energy of photosynthesis in langleys

The net radiation (R,) available at a surface is important
from a hydrologic standpoint because it is usually the primary source
of energy for evaporation, transpiration and snowmelt. Typically when
snow is present, the majority of net radiation is apportioned to snow-
melt (80 cal g’T) In snow-free systems, the allocation of net radi-
ation is highly dependent upon the presence or absence of water. If
water is abundant and is readily available for evaporation and trans-
piration, then large amounts of energy are consumed in the evaporation
process (about 585 cal g-1 at common terrestrial temperature). Little
energy is left to heat the air or ground. On the other hand, if water
is limiting, a greater amount of energy is available to heat the air,
the ground surface and other terrestrial objects. Losses (or gains) of
energy to the interior earth do not change rapidly with time and are
usually negligible. Similarly, energy consumed in photosynthesis,
although of unmeasurable importance to Tife on earth, is a very small
quantity in hydrologic terms and is usually not considered.
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WATER BUDGET EXAMPLE

Each watershed is a unique system which responds to
precipitation and energy inputs according to its bioiogical and phys-
ical characteristics. The following example should nrovide the reader
with some inuight into the usefulness of the water budijet method.

Streamfiow yield and other components of the hydrologic cycle
can be obtained for tropical ecosystems by using a water budget to
couple climatological records with knowledge of the watershed system.
Average soil texture and depth, and the rooting depth or extent to
which the existing forest community can deplete soil water should be
known. Generalized relationships of soil texture and "plant available
water" (Figure 4) can then be used with estimates of soil depth to ob-
tain values of the totdl soil water holding capacity and the total
water available for evapotranspiration. Tor most Lropical forest eco-
systens, roots are assumed to fully occupy the soil system and evapo-
transpiration is considered to occur al or near the potential rate.
Estimates of potertial ET and rainfall are then coupicd with the above
soil-plant characteristics to provide an accounting of water surplus
or deficit for given time increments.

An example of mean monthly water budgets based on climatolog-
1cal data from two different areas in Thailand is presented in Table 1.
The mean monthly rainfall (item 1) is the input item of the accounting
method. Potential ET for each month is listed as item 4. Actual ET
(item 5) s either the total available moisture (item 3) or the poten-
tial ET (item 4), whichever is smaliest. The available soil water is
determined as the difference between field capacity ond permanent wilt-
ing point. The quantity of soil water available to plants when soils
are fully recharged for Chanthaburi and Chiang Mai are 279 mm and
124 mm, respectively. The first month's calculaijon, without actual
soil-water content data, would appear to be somewhat of a quess. Er-
rors associated with unknown antecedent soil water status can be wmin-
imized, however, if the accounting begins with a month in which the
soil is typically recharged with water. The month which ends the rainy
season, in these examples October, is a good starting month. The totaj
available moisture (item 3) is determined from the sum of the rainfall
and the initial soil moisture content (item 2). The remaining avail-
able moisture (item 6) is determined as the difference hetween total
available moisture and actual ET. Any amount in item 6 which is in
excess of the soil-water capacity is calculated as runoff in item 8.

Historical data rather than mean monthly values can be analyzed
in a similar manner as Table 1, if we were interested in evaluating the
water yield associated with some observed sequence of rainfall, perhaps
a drought period. Water budget analyses of drought sequences are use-
ful for determining storage requirements for water supply or hydroelec-
tric reservoirs. Likewise, sequential monthly values for several years
could be analyzed "before and after" some management activity which
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Table 1. Averace monthly water budgets for two staticns in Thailand.

Station: Chanthaburi, Thailand OCT HOV DEC JAN FEB  MAR  APR  MAY JUN JUL AUG SEP YR

mm
1. Average rainfall 231 74 15 48 46 76 117 3225 498 444 439 478 279]
2. Initial soil moisture 279 273 238 13% 75 18 0 9 215 Z79 278 278 -~
3. Total available moisture 510 353 253 184 12) %4 117 334 713 723 8 757 --
4. Potential ET 123 115 117 109 103 110 168 119 123 324 129 124 1408
5. Actual E7 i23 135 117 109 103 G4 108 119 123 128 129 124 1392
6. Remaining available moisture 387 238 136 75 18 0 8 215 590 535  58% £33 --
7. Final soil moisture 279 233 136 75 18 0 S 215 27% 279 273 2719 --
8. Runoff 108 0 0 0 0 0 0 0 3N 216 310 354 1399
Station: Chaing Mai, Thailand
1. Average rainfall 130 46 10 5 10 13 5 127 132 19 232 290 1234
2. Initial soil moisture 124 124 63 0 0 0 0 0 24 6 124 124 --
3. Total available moisture 254 170 73 5 10 13 51 127 156 244 356 414 -~
4. Potential ET 114 107 102 99 85 87 87 103 1l¢ 117 120 M2 1243
5. Actual ET 114 107 73 5 10 13 5] 103 110 w17 120 12 935
6. Remaining available moisture {40 63 0 0 0 0 0 24 &6 127 236 2302 --
7. Final soil moisture 124 63 0 0 0 0 0 24 46 128 124 124 --
8. Runoff 16 0 0 0 0 0 0 0 0 3 11z 178 309

LE
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affects the actual ET. For example, the effect of clearcutting on
water yield can be estimated by changing the effective rooting zone in
the soil system after clearcutting and recomputing the water budget.
Approximate effects on water yield may then be obtained as the results
of a modified "effective soil water storage capacity.”

A water budget analysis is only as good as the 7nput data and
the woown tione which have been made.  Such assumptions include: (1)
there are no decp secpage losses or "leakage" from or to the system,
(2) transpiration responses are linearly related to available soil water
content {unless better knowledge of physiological responses is avail-
able), and (3) rainfall intensitites do not affect the volume of runoff,
i.c., runoffl only occurs when field capacity is exceeded. lhe assump-
tion on leakage is always difficult to evaluate, Likewise, the manner
in which the community of forest species respond to diminishing soil
water content is unknown. The third assumption fir tvopical forest

ecosystems is likely valid because of the extremeiy high infiltration
capacities of soils.



39

CHAPTER 1V

INVENTORY TECHNIQUES

INTRODUCTION

Fundamerntal to watershed resources management is an accurate
evaluation of the components of the ecosystem. Technigues to measure
or inventory precipitation, streamflow, water quality, timber, range
and wildlife are presented.

PRECIPITATION MEASUREMENTS

The measurement of precipitation is an integral part of most
hydrologic projects. Information on precipitation--amount, intensity,
type, frequency, duration--is essential to much of the research and to
the development of operational programs in the management of watershed
lands.

Types of Gauges (Point Measurements)

Three types of precipitation gauges are now in general use:
the standard gauge--size varies with standards established in individ-
ual countries--{usually read after each storm event or at relatively
short predetermined time intervals); the storage gauge (manufactured in
several sizes and read only periodically); and the recording gauge
which records rate of precipitation as well as depth.

Selection of Raingaugc Sites

Three general types of natural factors which affect the vari-
ation in amounts of precipitation over an area are: weather itself, in
terms of area distribution of condensation processes and types of cir-
culation of and within storms; topography of a scale large enough to
affect the weather; smaller scale terrain effects which influence the
performance of the gauge. The selection of a gauge site, which is rep-
resentative of the surrounding area, will be influenced primarily by
the latter factor.
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Local anomalies in the rainfall pattern may be produced by
small-scale topoqraphic influences or by obstructions which distort the
wind pattern in the immediate vicinity of the gauge. This distortion
may make the particular gauge site nonrepresentative of the general
region, introducing an error in the determination for the ared. In re-
gions of flaL topography. this factor is usually of minor importance.

In mountainous tervain, it may account for much of the variation in
precipitation measurements.  Variation in precipitation may be attributed
in some cases to variations in the Tocal exposure of gauge sites rather
than in actual differences in the distribution of precipitation.

An ideal exposure would eliminate all turbulence and eddy cur-
rents rear the gauge.  Individual obstructions, whether a building or a
tree, may set up scerious eddy currents and, as a general rule, should
not be closer to the gauge than twice (preferably four times) the height
of the object above the gauge. When objects are numerous and uniform,
such as in a forest opening, their height above the gauge should not ex-
ceed about twice their distance from the gauge.

At exposed sites, compensate for the lack of natural protection
by shielding or by using pit gauges. The Nipher shield 1is recomnended
if the precipitation is primarily rain, the Alter shield if a substantial
portion of the precipitation is snow.

Number of Gauges Required

The number of rain gauges required to measure precipitation will
increase with the size of the watershed. The use of random sampling as
a means of excluding bias in the selection of gauge sites and for es-
timating the number of gauges nceded is suggested. However, in areas
of dense brush or forest, this type of rainfall sampling may not be
practical owing to the difficulty of obtaining adequate sampling sites.

Rainfall variability on a watershed for monthly, seasonal, or
annual periods can be estimated at much lower operating cost by using a
regular network which is read after each storm event. By reading
storage gauges monthly or seasonally, the effects of storm types on
variability may be lost, but systematic differences in precipitation
between parts of the watersheds for these longer periods can be es-
timated.

Methods of Celculating Mean Watershed Precipitation

The mean depth of precipitation over a watershed is required in
most hydrologic investigations. Several procedures are used in deriving
this value. The three most common are the arithmetic, the Thiecsen,
and the isohyetal methods.
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Arithmetic Method

A straight arithmetic average is the simplest of all methods for
estimating the mean rainfall on a watershed (Figure 1). This method
yields qood estimates in level terrain if the gauges are numerous and
uniformly distributed. Even in mountainous country with o dense rain
gauge network, arithmetic averaqes will yield fairly accurate results
it the orographic anfluences on precipitation are considered in the
selection of gauge sites.  However, if gauges are relatively few and
irregularly snaced and precipitation over the area varics considerably,
the arithmetic mean is likely to differ greatly from the results de-
rived by other methods.

Thiessen Method

This method involves determination of an area ot influence for
each station. Polygons are formed from the perpendicular bisectors of
lines joining nearby stations (Figure 1). The area of each polygon is
determined and is used to weigh ihe rainfall amount of the station in
the conter ot the polygon. The entire area within any polygon 1is
nearer to the rainfall stations contained therein than to any other,
and it is, therefore, assumed that the rainfall rccorded at that sta-
tion should apply to that area. The results are usually more accurate
than the avithmetic average unless a large number of gauges are used.
The Thiessen method allows for nonuniform distribution of gauges by
providing the weighting factor for each gauge. The method assumes
linear variation of precipitation between stations and makes no attempt
to allow for oroaraphic influences.

Isohyetal Method

In the isohyetal method, station location and amounts are
plotted on a suitable map, and contours of equal precipitation (iso-
hyets) are drawn (Figure 1). The average depth is then determined by
computing and dividing by the total area. Many investigators indicate
this as theoretically the most accurate method of determining mean
watershed precipitation. But it is also by far the most laborious.

The accuracy of the isohyetal method depends upon the skill of
the analyst. An improper analysis may lead to serious error. If
lTinear interpolation between stations is used, the results will be es-
sentially the same as those obtained with the Thiessen method.
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oB SOURCE DATA:

Daily rainfall measured at each
gage in centimeters

A

D
oC A g 3

ol

B
g 1

Arithmetic Mean = 4 + & + 10 + 6
g

= 7 centimeters

¢D

THIESSEN POLYGON:

Deptin Area in Volume
Station (cm) Polygon* {cm)

A 4 x .28 = 1.12

B 8 x .09 = 0,72

C 10 x .49 = 4.90

D 6 x .14 = 0.84
sum = 7.6 cm

*As a fraction of total area

ISORYETAL :

Mean Depth Area Between Volume
(cm) Ischyets* (cm)
1.5 X w12 = 0.54
5.5 X 0.25 = 1.38
6.5 X 0.14 = 0.91
7.5 X 0.13 = 0.98
8.5 X 0.18 = 1.53
9.5 X 0.14 = 1.33

10.5 X 0.04 = 0.42
sum = 1 ¢m

Figure 1. Methods for estimating average rainfall for a watershed.
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STREAMFLOW MEASUREMENTS

Measuring Streamflow

Streamflow data is perhaps the most important information
needed by both the engineer and the water rescurce manayer. Peak flow
data are needed in planning for flood control or engineering structures
(+.., bridges, culverts, rte.). Minimum flow data are required for
estimating the dependability of water supplies. Total runoff and its
variation must be known for design purposes (..., investigative works,
storage reservoir, cte.).

A stream hydrograph (see Figure 2, page 29) is a record of the
discharge of a watershed as it changes with time. It provides a record
that shows the effects of the hydrologic processes which occur in a
watershed and, therefore, the hydrologic condition of the watershed.

Analyses of single storm hydrographs (the reacticn of a stream
to a rainstorm cvent or period of snowmelt) can indicate the condition
of a watershed and provide information on the effects of land use and
management practices. Storm hydrographs can be senarated into compo-
nents of quick return flow (primarily surface runoff) and subsurface
runoff (base flow and interflow).

The stage of water in a stream is readily measured at some
point on a stream reach with a staff gauge or a clock-driven water
level recorder. The problem is to convert a record of the stage of a
stream to discharge or quantity of flow per unit of time. This is done
either by stream gauging or with precalibrated structures such as
flumes or weirs constructed in the stream.

Measuring Discharge

One of the simplest ways of measuring discharge is to observe
how far some floating object tossed into the stream travels in a given
length of time. A measurement of the cross sectional area of the
stream should be made simultaneously; the two should then be multiplied
together:

Q = VA
where:
() = discharge in cubic meters per second
V = velocity in meters per second
A = cross section, in square meters

However, a simple measurement such as this would not be very accurate,
particularly for a large stream because velocity varies from point to
point with depth and width over the cross section of a stream.
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The velocity at the surface is greater than the mean velocity of
the stream; thus, a reduction factor is needed if the velocity is mea-
sured at the surface. Generally, it is assumed to he about &5 percent.

¥ the cross section of a stream is divided into finite vertical
sections, the velocity profile can be estimated by measuring individually
the mean velocity of each scction. The area of pach section can be de-

termined and the average discharge of tne entire stream is then computed
as the sum of the product of area and velocity of cach section as follows:

n
vOALV.
7

where: n = the number of sections

The greater the number of sections, the closer the approximation. How-
ever, for practical purposes, 10 sections are usually enough under ideal
conditions, but 20 are commonly used. The actual number then depends
upon the stream's channel and the rate of change in the stage. The fol-
Towing rules should be observed: depth and velocity should not vary
greatly between verticals, and the measurements should be completed be-
fore the stage changes tot much (a 15 centimeter change is too much for
most cases).

There are two ways to estimate areas. They are: the midsec-
tion method where each vertical is considered the midpoint of a rectan-
gular subsection extending halfway to the midsection of the other
vertical, and the mean section method where each section is considered
a trapezoid. The midsection method is most commonly used (Figu.re 2).

Velocity and depth of verticals can be taken by wading into the
stream, from cable car, boat or bridge. Velocity is usually measured
with a current meter. There are several ways of perforining a velocity
measurement. For depths greater than 0.5 meter, two measurements are
made for each section at 20 and 80 percent of the total depth. For
depths less than 0.5 meter the current meter is set at 0.0 of the
depth. For shallow streams less than 15 centimeters, a pygmy meter is
used which is simply a smaller version of a current meter.

The most critical aspect of stream gauging is the selection of
a control, that is, the point on the stream for which a rating curve is
to be developed.

In a longitudinal profile of a stream bed and the water surface
for a given reach, ABCDEF represents the profile of the water surface
during a low stage of the stream (Figure 3). At this stage the section
at C serves as a control for the reach extending up to B and the section
at C is the control for the reach leading up to D. The reaches AB, CD,
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"W, + W Wo + W
- 2 2 3
Q= —5—" V‘D] + 2 V2 Dz elc,
W width cm
D depth cm
V  velocity cm/sec
Q discharge cm3/sec

Fiagure 2. Measurements needed to record channel- cross
section and velocityv.
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Figure 3. Longitudinal profile of a stream.

and EF act as their own controls throughout their respective lengths at

this lTow stage. When the water surface rises approximately to the stage
represented by the profile A'E'F', the section at E becomes the control

for the entire length of channel from A to E.

Except in places where a rock outcrop creates either a waterfall
or a rapids with considerable drop, longitudinal river profile is a prac-
tical necessity in determining the location of the verious controls in
any given length of stream charnel. The best control is the one that is
the most nearly permanent and that functions as a control throughout
all stages of the river.

There must be of course a nearby gauging station equipped with a
water stage recorder that has hydraulic connections with the water in
the stream.

Precalibrated Structures for Streamflow Measurement

Weirs and Flumes

On small watersheds, (less than 800 hectares in size), partic-
ularly experimental watersheds, precalibrated structures are often used
because of their convenience and accuracy. The most common types of pre-
calibrated structures are weirs and flumes. Weirs are often preferred
for gauging small watersheds particularly those with perennial [lows.
Where heavy sediment-laden flows are common, flumes are often more con-
venient. A flume is a stabilized channel (without an impoundnent) with
access to a stilling well. Flumes also must be used where the gradient
of the stream is particularly low.
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Weirs or flumes can be constructed of concrete, (because of its
strength and permanence, probably is used the most), treated wood, con-
crete blocks, metal and many other materials. The notch of a weir is
often a steel blade set into concrete, and flumes are often lined with
<teel for permanence.

Weirs. As used here, a weir includes all components of a stream-
gauging station that incorporates a notch control (Figures 4 and 5), An
impoundment of water (the weir basin) is formed upstream from the wall

or dam containing the notch. A stilling well with water-level recorder
is connected to the weir basin. A gaugenouse or some other type of shel-

ter is provided to protect the recorder.

L | L |
V NOTCH RECTANGULAR

L L |
i 1

VA

TRAPEZOIDAL

Figure 4. Types of notches.
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49

The cutoff wall or dam is used to divert through the notch all
water (above or below the streambed) moving down the channel]. Where pos-
sible, the cutoff wall is tied into bedrock or other impermeable
material so that no water can flow under or around it. But where leak-
age is apt to occur, the weir basin is sometimes constructed as a water-
tight box.

The cdge or surface over which the water flows is called the
crest. lWeirs can be either sharp crested or broad crested. A sharp-
crested weir has a blade with a sharp upstream edge <o that the passing
water touches only a thin edge and springs clear of the rest of the
crest.

A broad-crested weir has a flat or broad surface over which the
discharge flows. Broad-crested weirs are generally used where sensitiy-
ity to low flows is not critical and where sharp crests would be dulled
or damaged by sediment or debris.

The rectangular weir has vertical sides and hor3zontal crest.
['ts major advantage is its capacity to handle high flows. However, the
rectangular weir does not provide for precise measurement of the low
flows of small experimental watersheds--a small increase in head will
give only a slightly increased discharge.

The trapezoidal weir is similar to the rectangiiar weir. Its
sides, of course, are sloped from the vertical. It has » smaller capacity
than a rectangular weir of the same crest length; the discharge is approx-
imately the sum of discharges from the rectangular and triangular sections.

Sharp-crested V-notch or triangular weirs are often used where
accurate measurements of low flows are important. The V-notch weir may
have a rectangular section above to accommodate infrequent high flows.

Flumes. A flume is an articifial open channel built to contain
flow within a designed cross section and length. The types of flumes
that have been used on small watersheds are described here.

HS, H and HL flumes developed and rated by the Soil Conservation
Service have converging vertical sidewalls cut back on a slope at the
outlet to give them a trapezoidal projection. These have been used
largely to measure intermittent runoff,

The Venturi flume has a gradually contracting section leading to
a constricted throat and an expanding section imnediately downstream.
The floor of the Venturi flame is the same grade as the stream channel,
whereas that of the Parshall flume (described below) is depressed in the
throat section. Stilling wells for measuring the head are at the entrance
and at the throat; the difference in head at the two wells is related to
discharge. Venturi flumes are rectangular, trapezoidal, triangular, or
any other regular shape. They are widely used 1in measurement of irriga-
tion water,
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The Parshall flume, a modification of the Ve-nturi flume,
measures water in open conduits and is widely used, cspecially for
measuring irrigation water. It consicts essentially uf a contracting
inlet, a parallel-sided throat, and an expanding outlet, all of which
have vertical sidewalls. It can measure flows under submerged condi-
tions. Two water-level recorders are used when measuring submerged
flow, one in the sidewall of the contracting inlet and the other slight-
ly upstream from the towest point of the flow in the throat. When mea-
suring free flow, only the upper measuring point 1is used.

The San Dimas flume measures debris-laden flows in mountain
streams. It is rectangular and hasasloping floor (3 percent gradient)
that functions as a broad-crested weir except that the contraction is
from the sides rather than the botiom; therefore, theve is no barrier
to cause sediment deposition. Depth measurements arc made in the
parallel-walled section at about the midpoint. Rapid flow keeps the

flume scoured clean.

Sumnary. The type of flume or weir to be used depends upon
several factors: maximum and minimum flows; accuracy needed in deter-
mining total discharge, high flows, and low flows; amount of sediment
or debris that is expected, and whether it is suspended or bedload;
channel gradient; channel cross section; underlying material; acces-
sibility of site; financial limitations; and length of study.

Maximun and minimum flows iikely to be encountered must be
estimated before construction. Such estimates can be made from obser-
vation of high and low flows and high watermarks and from information
given by local residents, or they might be based on the area of the
watershed and records from other gauging stations in the region. Max-
imum expected flood peaks can also be estimated from rainfall, soil,
and cover data, using a niethod developed by the U.S. Soil Conservation
Service. The maximum and minimum flow to be measured at any degree of
precision depend upon the objectives of the study and the extremes that
might occur.

WATER QUALITY MEASUREMENTS

To evaluate the kinds and amounts of substances present in
water, representative water quality measurements are obtained. Usually,
a sampling program is necessary, as continuous monitoring of water
quality is difficult. A good water quality sampling program requires
knowledge of the system being sampled and an understanding cf the time
and space distribution patterns of the variables being sampied. A major
source of error in obtaining water quality information is a nonrepre-
sentative sampling effort.

Quite often, a grab sample cbtained in a clean glass or plastic
container is satisfactory for preliminary analysis. A single grab sam-
ple is representative of the stream discharge only at the time of



sampling. Samples collected weckly or monthly can provide an indication
of water quality over time for many <treams.

Once obtarned, grab samples may have to be treated to protect
against degradation of the contents. For exampie, it water samples are
Lo be used later for organic analysis, the sample may have to bhe frozen
or otherwise preservved. [ a water sample is to be retained for later
analysis, the sanple conteiner should be marked so that itc identity is
not lost.

Chemical Quality

The chemical constitutents of water are derived from many
sources, including gases from the atmosphere, weathering products of
rocks and soils, and decomposition of plants and other organic mate-
rials.  Many land management activitics on a watershed can affect the
kinds and amounts of chemical constituents present.

Methods of determining  chemical quality of water include
analysis of a standard volume of water obtained in a grab sample and
direct measurements of a particular constituent in the aquatic environ-
ment.

Hesteme e o colorneteds methods involve the addition of a
measured amount of a reagent to a standard volume of water, and then
relating the intensity of color to the concentracion of the substance
present. Required instrumentation consists of a light source, a photo-
cell, and a meter (figure 6). The amount of light absorbed is propor-
tional to the amount of substance in the water.

Trtvamctris or volumatri-2 methods require the addition of re-
agents of known concentration to a stanaard volume of water. These
methods are designed to givc an abrupt color change after a certain
amount of reagent is added (Figure 7). The concentration of the chem-
ical constituent in the water is proportional to the amount of reagent
added.

Instrumentation is available to permit direct measurement of
some chemical substances in the aquatic environment. Standardized
oxygen and pH probes have been developed to measure dissolved oxygen
and pH /n siti. Simiiarly, electrode probes can be used to determine
the concentration of many chemical ijons.

Sediment Measurements

Sediment refers to the rock and mineral particles transported
by water; while, sedimentatione is the process of deposition of trans-
ported particles from water. Sediment is often divided into two com-
ponents: swapended sediment and bedloas. Usually, measurements of
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suspended sediment and bedload are made separately because of differences
in sizes of particles and in distribution of the particles in a stream.

Suspended Sedinent

Suspended sediment usually consists of small particles (clays,
silts, and fine sands) kept aloft fvomtihe stream channel by the turbu-
Tence of flowing water. As suspended sediment concentrations vary with
depth and distance across a stream, a major difficulty in determining
suspended sediment amounts for a stream is obtaining a representative
sample.

Various techniques are available to estimate suspended sediment,
The collection of grab samples is a common procedure, especially for
small streams. However, this method may not be reliable because of the
preblems mentioned above.

Single-stage samplers, consisting of a container with an inflow
and an outflow tube at the top, are commonly used on small, fasf-rising
streams. A single-stage sampler beqgins its intake when the water level
exceeds the height of the Tower inflow tube, and continues until the
container s full.  Therefore, only the rising stage of the hydrograph
15 sampled, which may 1imit the use of the data.

Depth-integrating samplers minimize the sampling bias involved
with tixed, single-stage samplers. A depth-integrating sampler has a
container that allows water to enter as the sampler is lowered and
raised at a constant rate. Consequently, a relatively uniform sample
for a given vertical section of a stream is obtained. Depending upon
the size of the stream, a number of these samples can be taken at

selected intervals across the channel.

After a suspended sediment sample is obtained, the Tiquid por-
tion is removed by evaporating, filtering, or by using a centrifuge,
and the amount of sediment is weighed. O0Often, the dry weight of sus-
pended sediment is expressed as a concentration in milligrams per
Titer {or in ppm).

Bedload

Bedload is the larger, heavier sediments (sands, gravels, and
cobbles) that slide, roll, or bounce along the bottom or bed of a
stream channel.

No single device for measuring bedload is reliable, economical,
and easy to use. MWhile a number of bedload samplers exist, none are
widely used. C[stimates of bedload can be obtained by measuring the
amount of material deposited in basins or traps behind sediment dams.



Bacteriological Quality

To index the presence of specific pollutants and to detect
changes in water quality, indicator organisms are commonly sampled. For
example, analysis of fecal coliform, a bacteria that characteristically
inhabits the intestines of warm-blooded animals, can be used as an indi-
cator of pollution by humans or other animals.

A parameter relating to the amount of biodegradable materials
present in water is the biochemical oxygen demand (BOD). BOD measure-
ments require a laboratory examination over a 5-day period, and often
provide a satisfactory index to the amount of organic material present.

Temperature Measurements

The temperature of water acts as a regulator of biological ac-
tivity and, therefore, is important in evaluating the types of organisms
present in a given body of water. surface temperatures can be measured
with standard liquid-in-glass thermometers. Thermoccuples are frequent-
1y used to obtain temperatures at lower depths.

TIMBER INVENTORY TECHNIQUES

Timber inventories are concerned with the measu: ement of indi-
vidual trees, forest stands, growth rates, and site quality. As timber
overstories often relate to the production and uses of associated water-
shed resources, knowledge of the general concepts of timber inventory
can be useful.

Individual tree measurements form the basis for estimating the
volume of primary wood products which may be derived from trees. Also,
individual tree measurements coupled with a measure of tree density can
describe the value o7 a forst. Individual tree measurements normally
considered include measurement of diameter, height, volume and age.

The most frequent individual tree measurement made is diameter
breast high (dbh), which is the average stem diameter at 1.3 meters above
the ground. Other measurements of diameter may be taken at any arbitrary
reference point. Tree diameters are measured with instruments collec-
tively known as dendrometers, such as a diameter tape or caliper. In
addition to diameter, height measurements are necessary to estimate the
volume of a tree. Two height measurements commonly taken are total
height and merchantable height, with total height being the distance
from the ground to the tip of the tree and merchantable height being a
measure of the usable portion of a tree. Heights are measured with in-
struments collectively known as hypsometers, including the Abney levei
and clinometer.
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Given knowledge of diameter and height, the volume of a tree can
be estimated from an appropriate volume table. A volume table specifies
the average volume of a tree in terms of diameter and height.  Volume
units are frequently cubic meters, and velume tables may include the
volume of the stump, bark, limbs, -

The averaqge growth rate of a tree is its volume divided by its
age.  While the volume of a tree 15 velatively casy to determine, quanti-
fication of age is move difficult. There are three comnen metheds used
to ascertain the age of a tree--by geneval appearance (size, shape of
crown, texture of hark, «t~. ), by branch whorls, or by annual rings.
Unfortunately, tiee growth is generally not characterized by annual
rings in many torest regions of the wovld, such as tropical forests.

A primary objective of anv timber inventory is to obtain esti-
mates of the density of forest stands. Expressions of density are many,
wWwith nunber of trees, basal arca {(cross-sectional area at dbh of all
trees on a hectave), and volume. Obviously, it would be desirable to
have a complete census of all of the individual trees in a forest stand.
This is rarely possibie, however, and sampling is commonplace.

There are many considerations such as sample size, plot size,
sampling design, ..f.-. involved in developing an efficient sampliing
scheme to describe the density of a forest stand. Most of these con-
siderations are discussed in standard forest mensurational refr ences
and, therefore, will not be detailed here.

The estimation of growth rates of individual trees and forest
stands is an important part of timber inventory. Generally, past growth
rates are analyzed to establish a pattern for projecting growth into the
future. Many techniques designed to evaluate past growth rates of indi-
vidual trees have been developed, with remeasurement of permanently
marked trees and vse of growth percent formulas (simple interest formula,
Pressler's formule, c¢ic.) commonly employed. Two commonly used methods
of estimating the growth of forest stands are through applications of
yield tables and stand structure analysis. [xpression of growth may be
gross or net, depending upon whethier or not mortality is considered.

The determination of site quality is important in identifying
the preductivity, both present and future, of forest stands. Site is
considered to be the aggregate of all environmental conditions affecting
the growth and survival of a forest or other plant community. Theoret-
ically, 1t 1s possicle to determine site quality by measuring all of the
many factors atrecting the productivity of forest stands and integrating
them into a single index. However, such an approach may not be of much
value to a nracticing forester.

0f all the measures of site quality, tree height in relation to
age has been found the most practical, consistent and useful (Figure 8).
Height growth is sensitive to differences in site quality, little affected
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Figure 8.
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by density of the forest stand, and strongly correlated with volume.
This measure of site quality is termed site index, with the vsual prac-
tice being to define site index in terms of total height of cominant or
co-dominant trees in well-stocked, even-aged stands at specified ages.

RANGE INVENTORY TECHNIQUES

Quite often, forage is produced for domestic iivestock and wild-
life on a watershed. Therefore, range inventories may be necessary to
characterize watershed resources for multiple benefits. Range inven-
tories are commoniy designed to measure forage production and utiliza-
tion for purposes of determining carrying capacities.

Clipped plots may be used to determine the weight of forage
produced over a growing season. The general procoedure is to locate
plots of known area and clip forage plants as near to the ground as
practical. Individual plant species may be clipped separately and
weighed in the field if their growth characteristics allow for easy
separation. 1f too much time is required in the field to separate the
plants, total forage clipped on plots may be saved for subsequent sort-
ing and weighing in the laboratory.

While plots of any size can be used, a l-square-meter plot (one
meter on a side) is often recommended. With this plot size, the forage
in grams, multiplied by 10, will be converted to forage yield in kilo-
grams per hectare. Sampling design selected is dependent on desired
level of precision, costs, <te. Forage production near the end of the
major growing season is often of primary importance, although biases
may exist from sampling at this time because important forage species
may have reached peak development earlier.

Utilization of forage plants is expressed as the percentage of
the current forage weight that has been removed by grazing animals.
There are many different techniques for determining utilization, but
the simplest method is to select a key species (a palatable and abun-
dant plant) and estimate the percentage use of this species. These
estimates can be made in conjunction with clipping of forage plants to
determine production. 1In fact, if utilization is heavy, clipped weights
will have to be adjusted to account for the portions of plants removed
by grazing.

A primary use of forage production is to calculate carrying
capacity. Perhaps the best way to illustrate the calculation of carry-
ing capacity is through an example.

Usually, domestic Tivestock carrying capacity is expressed in
terms of animal unit months (AUM). An animal unit is the equivalent of
450 kilograms of animal 1ive weight, or a cow and a caif. The forage
required to provide for one animal unit month is variable, depending
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upon the ecosystem. [For purposes of illustration, approximately 450
kilograms of forage (dry weight) will be assumed to be the forage re-
quirement.

A proper use factor is used to control the amount of forage pro-
duced that is subsequently utilized by domestic livestock. Through the
proper use factor, use of the forage resource can be adjusted to reflect
the condition of the range. In the hypothetical example, a proper use
factor of 0.65 (65 percent) has been selected. Given this information,
and assuming that the forage produced (dry weight) is 375 kilgrams per
hectare, the carrying capacity would be estimated as

(forage produced)(proper use factor)
(forage requirement)

Carrying capacity

= $525ié8$§§l-= 0.5 AUM per hectare

Therefore, one animal unit could graze on 1 hectare for 0.5
months, with two hectares required to provide forage for 1 AUM. Twenty-
four hectares would be needed to carry one animal unit for a year.

WILDLIFE INVENTORY TECHNIQUES

Management of wildlife resources is an effort to attain a bal-
ance between the food and cover available and the animal populations
that are favored. Wildlife inventory problems are generally threefold:
estimation of numbers of animals, determination of animal productiv-
ities, and evaluation of wildlife habitats.

There is voluminous literaturc on methods of estimating num-
bers of animals. [If the more comnonly used methods are aroupad, three
primary approaches become evident: a direct method of census, an in-
direct method of indexing, and a ratio method of assessing population
change. Direct census methods include aerial countings, which are used
when animals congregate and wheve vegetative overstories are minimal.
One of the oldest procedures is through driving, where a line of ob-
servers moves through an area like beaters with other observers sta-
tioned at the end of the census area tc count the animals pushed ahead.
Variable ctrips are often employed to count animal numbers, particular-
ly in situations where extensive areas are to be inventoried.

Indirect methods of indexing population numbers are based on
counts of something other than the animals themselves. Such methods
are commonly used to census smaller, quickly producing animals and on
big game ranges less accessible to direct counting. Call counts are
widely used to assess game bird populations. To calculate population
numbers, direct censusing is required from a sample to obtain a ratio
of call counts to actual numbers. Pellet group counts are often used
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in an indirect census of big game. Through knowledge of defecation
rates, counts of pellet aroups accumulated cver time can be converted
to estimates of popuiation numbers.

The more commonly used ratio methods fall into two categories--
those based on the banding or marking of animals and those based pri-
marily on kill date freom legal hunting. The tivst category is
iTlustrated by a calculation procedure known as the Lincoln index.
Here, a number of animals are captured, banded or marked, and then re-
Teased back into the population. When animals from the populaticn are
later recapturcd, the ratio of toval banded animals to the banded an-
imals recovered can be used to calculate the size of a population. An
example of the <ccond category is Kelker's ratio, which requires data
on population structure and changes in sex and age ratios resulting from
Tegal hunting.

The second classic division of wildlife inventory, productivity,
has its base in the census, but usually involves further computation ana
comparison with past records. Generally, the smaller the animal, the
faster their production, normal population loss, and regeneration each
year. The average tree squirrel Tives less than one year, but even
larger animals nave a turnover or replacement by new individuals.
Therefore, a variety of animals are being managed and the changes in
composition within a group must be measured, accordingly. Both hunted
and non-hunted populations should be censused with production measure-
ment. Hunted populations vary because the hunting can definitely
modify the popuilation: non-hunted nopulations vary because of natural
Tosses.,

Evaluation of habitats is a third classic wildlife inventory.
Measurement of habitat quality can be broken down into the elements of
habitat required by most wildlife species and then treated separately
to judge a habitat's abiiity to support a population of animals. Hab-
itat elements to consider in an inventory include water, food, cover
(both protective and thermal), and spatial arrangement of water, food
and cover. Most wildlife need all of these elements within their nor-
mal daily range of movement. If these basic elements of habitat peri-
odically reoccur in several locales over a watershed, highly productive
wildlife populations are more likely to develop.
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CHAPTER V

HYDROLCGIC METHODS

INTRODUCTION

Hydrologic information is required for most watershed resources
planning activities, studies, or projects. Often there are few nydro-
logic, metearologic, and biophysical data available at locations of
interest. Even with adequate data, 1t ic sometimes difficult to decide
upon the most appropriate nydrologic method to use. Numerous methods
exist for determining hydrologic characteristics such as peak stream-
flow, stormflow volumes, mean annual water yield, and cricical low-flow
sequences. Hycrologic methods range in complexity from simple mathe-
matical equations for predicting peak flow up to complex computer models
capable of simulating continuous streamfiow records. This chapter pre-
sents an overview of hydrologic methods and discusses guidelines for
application.

CRITERIA FOR SELECTING METHODS

Selecting the appropriate hydrologic method should involve
careful consideration of:

(1) the type of information required,
(2) available data and information,
(3) physical and biological characteristics of the watershed,

(4) technical capabilities of the individual performing the study,
and

(5) time and manpower constraints.
Study objectives usually dictate the type of information

required (Table 1) and, in some cases, indicate which method should be
used. Sizing culverts for rural roads, for example, require peak flow
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estimates associated with some predetermined risk. Runoff is usually
from small, simple drainages and errors in the estimate of peak flow

do not result in great economic loss.

Therefore, simple, quick methods

are applicable. Conversely, peak flow estimates for flood plain map-
ping may require a more complex but reliable method. More time and
effort may be justified in flood plain mapping if errors could result
in large economic loss or loss of life.

Table 1. Project Objectives and the Corresponding Hydrologic

Information Needed.

Objective

Hydrologic Information Needed

Storm drainage - culvert design

Flood plain delineation

Conservation storage require-
ments for a reservoir

Water quality assessnent
Feasibility for min-hydro
project

Land use impacts on water yield

Peak flow rates for small con-
tributing area

Peak flow rates and associated
stages

Streamflow rates or volumes dur-
ing critical drought periods

Volumes, discharge rates for
selected events

Low streamflow sequences during
critical drought periods

Runoff volumes over time

After determining which hydrologic characteristics are of
interest, an assessment must be made of available information and data.
Streamflow, precipitation, and other data are often insufficient far
all but the simplest of hydrologic methods. Sometimes climatic and
hydrologic information from previous work in proximity to the study

area is useful.

Watershed characteristics including size, shape, vegetative
cover, topography, soils, and geology must also be evaluated in select-
ing an appropriate method. Some hydrologic methods can only be used
for small, homogeneous drainayes, while others can be applied to large
complex watersheds. ECefore some techniques can be used, watersheds
must be subdivided according to soil, vegetation, and topography.

The capacity or capability of the individual or organization
performing the study is another important consideration. One should
be knowledgeable about the methods used and their Timitations. A
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common constraint with current technology is the ava'lability and type
of computer facilities and software. Computer programs are invaluable
for most large-scale water resource investigations.

SIMPLIFIED MLTHODS
Simplified methods are those which have been developed for
small, relatively homogeneous watersheds or for situations where a
quick estimate is desired. Too many such methods exist for thorough
coverage here. Our purpose is to illustrate some commonly used methods.

Direct Transfer of lydrologic Information

Hydrologic information can be directly transferred from a
gauged to an ungauged watershed if the two watersheds are hydrologi-
cally similar. The hydrologic similarity between two watersheds depends
on the following:

(1) watersheds should be within the same meteorclogical regime;

(2) physical and biological characteristics such as soils, geology,
topographic relief, type and extent of vegetative cover, lana
use, watershed shape, and drainage density should be similar;
and

(3) the differences in drainage area between watersheds should be
within an order of magnitude.

The method of direct transfer can be applied in two ways.
First, the entire historical record from the gauged watershed may be
transferred, with minor adjustments for differences in the size of
drainaye arcas. The observed streamflow record could be multiplied by
the ratio of urgauged to gauged watersned area. The second approach
would be to transfer hydrologic characteristics (such as the 100-year
flood peak), again, adjusting for drainage arca differences. The
entire flood frequency curve for an ungauged lacation may be estimated
by adjusting curves developed from a similar but gauged watershed.

The direct transfer approach is applicable only if the assump-
tion of hydrologic similarity is met. The method is quick and easy to
use. If a significant amount of adjustment is neceded to transfer hydro-
logic information from the gauged to the ungauged watershed, however,
poor estimates will result.

Simplified Formulae

Numerous mathematical formulae have been developed to estimate
hydrograph characteristics such as peak flow. A thorough discussion of
such methods is presented in most hydrology textbooks. Simplified for-
mulae relate some hydrographic characteristic to certain measurable
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watershed characteristics. These methods are restricted to small,
simple watersheas, and have been used most frequently to design urban
drainage systems and road culverts.

The rational method is perhaps the most commonly used simpli-
fied formula. This approach can be used to estimate peak flow from
rainfall of uniform intensity and disteibution ovar the watershed. The
basis of the rational method is that the maximum rate of runoff occurs
when the entive watershed area contributes at the outlet. Therefore,
peak flow estimates are velid oniy Tor storms in which the vainfall
period is at least as long as the watershed time of concentration. Time
of concentration is the time vequired for the entire watershed to con-
tribute runoff at the outlet. The rate of runoff for peak flow (Q ) in
cubic meters per sccond, is related to soine percentage of rainfall
intensity:

Qp = CIA
where:
C = runoff coefficient relating proportion of rainfall contribut-
ing to peak runoff.
I = rainfall intensity in nm/hr
A = drainage area in hectares

The assumption that rainfall intensity is uniform over the
entire watershed for a period equal to the time of concentration is
seldom met undcr natural conditions. To apply this method, rainfall
intensity-duration values associated with an acceptable risk are used.

Peak flow estimates hy the rational methcd are highly depen-
dent upon the runoff coefficient (C) selected. Runoff coefficients are
presented in most hydrology and engineering textbooks. A relatively
flat area with 30 percent impervious area would have a runoff coeffi-
cient of about 0.40. Moderately steep watersheds with 70 percent
impervious area may have runoff coefficients up to 0.80.

Similar simplified formulae nave been developed for regions
around the world. The values of peak flow obtained from such formulae
should be used with caution and musi be viewed as quick and rough esti-
mates. Such methods are useful, however, and will continuc to be
widely used because they are simple and require very Tittle information
or data.

GENERALIZED RAINFALL-RUNOFF METHODS

Some hydrologic investigations require more detailed informa-
tion than can be provided by the simplified methods previously
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discussed.  Gencralized rainfall-runoff wethods include techniques
of hydrograph analysis, dynamic hydraulic routing, and continuous
streamfTow synthesis. Lach method i an abstraction of the physical
system and uses generalized mathematical functions for estimating
vainfall-vunoff characteristics.  Such methods arve usually referred
to as hydroiegic wodels.

Unit Hydrograph Concept

The unit hydrograph concept provides the basis for several
hycrologic models of greater complexity and wider application than
the simplified formulae. Unit hydrocgraph (UHG) models do not simulate
o even attempt to quantify the varinus hydrologic processes involved
from rairfall to streamflow. Rather, this method relics on paramet-
ric or “blackbox” relationships betucen vainfall input and streamflow
output (Figure 1).

The unit hydrograph is defined as that hydrograph which repre-
sents [ovocte (0l Dl ter) of diveet oy and o codoner fur caeh
woleecine o The concept can best be understood by examining the iso-
lated storm method ot developing a UHG (Figure 2). Streamflow records
for the watershed are first examined for single-peaked, isolated hydro-
araphs which result from short duration rainfall of relatively uniform
intensity.  Once a hydrograpi is selected, the Jivccd vmeg i oolene is
determined by separating the more unifsrw baseflow from the rapidly
changing storimtlow component. The direct vunoff volume is converted
into nillimeters of depth for the watershed area. Next, the mean
watershed rainfali, which caused the direct runoff hydrograph, is
determined.  This rainfall is distributed with respect to time. The
total rainfall amount is then compared to the direct runoff volume.
Losses are determined as the difference between mean watershed rainfall
and direct runoff (effective rainfall). The magnitude of Josses is a
function of antecedent moisture conditions. In Figure ¢, a uniform
loss rate was assumed.  The duration of effective rainfall is then
determined (in this case 2 hours). The ordinates of direct runoff for
the storm are then divided by the millimeters of direct runoff to yield
ordinates corresponding to 1 millimeter of direct runoff.

The duration of effective rainfall defines the unit hydrograph,
2.y a UHG developed from an effective rainfall of 6-hour duration is
a 6-hour UHG. (A 2-hour UHG was determined in Figure 2.)

The unit hydrograph is actually an index of runoff for a par-
ticular watcrshed and represents the integrated response of that area
to a given rainfall input. The shape of the UHG is characteristic of
the watershed for a given intensity of effective rainfall. The UGH
method assumes cthat the effective rainfall and loss rate are relatively
uniform over the entire watershed area. Also, the watershed character-
istics which affect runoff response must remain constant from the time
that the UHG is developed until the time that it is applied.
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Figure 2. Development of a unit hydrograph by the isolated storm approach.
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In order to apply a unit hydrograph, the average watershed
rainfall must first be estimated. MNext, loss rates are subtracted
from total rainfall to obtain effective rainfall. The quantity of
effective rainfall is then multiplied by the UHG ordinates corres-
ponding to the same duration of cffective rainfall (Table 2). A 1-
hour UM, in this case, is dirvectly applied to 1-hour increments of
effective rainiali. Unit hydrograph wodels ave lincar; 20 millimeters
of effective rainfall yields a divect runoff hydrograph with ordinates
20 times Lhat of the UHG.  The resulting direct runoff hydrograph is
then added to the base flow, if any, to obtain the total vunoff hydro-
graph. It must be emphasized that the UHG developed from a specified
duration of effective rainfall can be applied to effective rainfall
which fell over the ..o duration. Thus, a 6-hour UHG cannot be
applied directly to an effective rainfall which occurred over 2 hours.
Several methods are available to convert a unit hydrograph from one
duration to another and are discussed in most hydrology texts.

Table 2. Application of a Unit Hydrograph.

I-hr UHG  Effective Direct Runoff Base Total
Time Ordinates Rainfall a b subtoftal Flow Discharge

hr m3/sec mm m3/sec m3/sec m3/sec m3/sec m3/sec
0 0.0 0 0.0 0.0 0.0 12 12
1 0.5 20 10.0 0.0 10.0 12 22
2 5.0 30 100.0 15.0 115.0 12 127
3 10.0 0 200.0 150.0 350.0 12 362
4 7.5 0 150.0 300.0 450.0 12 462
5 5.0 0 100.0 225.0 325.0 12 337
6 2.5 0 50.0 150.0 200.0 12 212
7 0.0 0 0.0 75.0 75.0 12 87
8 0.0 0 0.0 0.0 0.0 12 12

The above unit hydrograph method is of limited value for most
watershed studies because both rainfall and streamflow data must be
available. Since streamflow data are seldom available at locations of
interest, synthetic unit hydrograph models have been developed. These
models consist of mathematical expressions that relate measurable



watershed characteristics to unit hydrcgraph characteristics. Runoff
hydrographs for ungauged watersheds can be estimated with synthetic
UHG models 1 loss rates can be approximated.

Unit hydrograph models have been used extensively for flood
analyses and the design of spillways and flood control storage. These
include the Savder, the Clark, and the Soil Conservation Service (SCS)
methods.  The SC5 method will be discussed in greater detail because
runott can e estinated dirvectly from soil-vegetation characteristics
uf a watershed.

The 5C5 method, used in the TR-20 computer model, incorporates
generalized loss-rate and runoff relationships developed from water-
shed studies in the United States. Soil-vegetation-land use charac-
teristics are related to curve numbers (CN) which indicate the runoff
potential for a given rainfail (Table 3). Soils are classified hydro-
logically into four ygroups:

A= hignh infiltration rates usually deep, well-drained sands and
gravels;

B = noderate intfiltration rates, fine to moderate texture;
C = slow infiltration rates, moderate to fine textured;
D = very slow rates usually clay soils or snallow soils with a

hardpan near the surface.
Three antecedent moisture conditions (AMC) are also considered:
AMC T = dry;

AMC 11

near field capacity;

i

AMC TII near saturation

After the CN is determined, rainfall is converted to direct runoff
graphically (Figure 3).
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United Sta%es Soil Conservation Service rainfall-runoff relationships for curve numbers.
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Table 3. United States Soil Conservation Service Relationships
Between Soil-Cover Complexes and Curve Numbers (CN) for
Mitecedent Moisture Condition (AMC) II in Puerto Rico.

Hydrologic soil group
Cover and condition A B C D
Fallow 77 86 91 93
Grass (Bunch grass, or poor stand of sod) 51 70 80 34
Coffee (no ground cover, no terraces) 48 68 79 83
Coffee (with ground cover and terraces) 22 52 68 75
Cinor crops {garden or truck crops) 45 66 77 83
fropical kudzu 19 50 67 74
Sugarcane {trash burned; straight-row) 43 65 77 82
Sugarcane (trash mulch; straight-row) 45 66 77 83
Sugarcane (in holes; on contour) 24 53 69 76
Sugarcane (in furrow; on contour) 32 58 72 79

For the SCS model to be valid, curve number relationships
should be determined for each hydrographically different region. The
relationships developed in the United States are generally applicable
to =mall watersheds Tess than 13 square kilometers with average slopes
fess than 30 percent.

Once effective rainfall is determined, a hydrograph can be

produced. Peak flow (q_) is determined by the triangular hydrograph
method: P

. KAQ
qp - T;
Where:

K = constant

A = area in square kilometers
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Q = flow volume in millimeters
= 1 1 [ = AD
TP = time to peak in hours, where TP — + .6TC
AD = duration of unit excess rainfall in hours = 0.133 TC
TC = estimated time of concentration in hours
Example

A 102 millimeter rain fell over an 11.9 square kilometer water-
shed with a grass cover, soils in group C, and an AMC II1. The duration
of rainfall was 6 hours. Estimate the direct runoff volume and the
corresponding peak flow.

(1) from Table 1, CN = 80.

(2) Enter Figure 5 with 102 millimeters of rain and CN = 80. The
direct runcff is approximately 52 millimeters.

(3) Peak fiow discharge for the watershed with a time of concentra-
tion (T ) of 2.3 hours, is determined as follows:

_AD
To =55 + 6T,

- 9431. + (.6 x 2.3) = 1.53 hours

q, = 484 x 3.8 x 2.06 - 5998 cfs (83.9 m3/sec)

Changes in direct runoff associated with changes in the soil-
vegetation complex are determined largely by the CN relationships. For
example, converting from tropical kudzu, hydrolegic soil group C, AMC =
II, to a grass cover, changes the CN from 67 to 80. This in turn,
would result in an increase in direct runoff from 14 millimeters to
32 millimeters for a 76 millimeter rain. In some instances, the time
of concentration could also be altered which would affect the peak and
general shape of the stormflow hydrograph.

Generalized Watershed Models

The previous section dealt with single-event methods or models
which allow estimates of peaks or stormflow volumes with limited data.
Sometimes an estimate of continuous streamflow response is needed.

Such information is useful for determining reservoir-conservation stor-
age requirements, for water quality investigations, and for estimating



difterences in annual streamflow or low-flow before and after watershed
modifications. Models with greater complexity and more extensive data
vogtid rements are then needed.

Most neneralized watershed models are continuous simulation
prograns winich use a water budget approach.  Hydrologic processes such
as interception, cvaporation, transpiration, and infiltration are
simulated tu varying degrees.  Some processes may be simulated concep-
tuailyv, based on a relationship with some measurable watershed char-
acteristic.  Morve rarely. components are calculated directly from
physicat weasurements (physically based). For either case, processes
mus b be Tinked toaether mathematically so that the conservation of mass
principle is not violated. To be manageable, most such models are
"Tumped" (7., spatial variability of processes and characteristics
aver the watershed unit is ignored). Modeling units shculd, therefore,
b relatively hoimogenous in terms of hydrologic characteristics.

I'me aencralized watershed medels developed in recent years
differ in terms of concepts, level of complexity, and invut require-
wents.  For general application, models should be conceptually sound,
flexitile in design, and physically relevant. Input data requirements
should not be unreasonable and output should be of a type which can be
conveniently used.  The utility of such models depends on input-output
capabilities and on the transferability of parameters to ungauged or
altered watersheds. (Typical components of a continuous simulation
model are illustrated in Figure 4.)

REGIONAL AMALYSIS

A reqgional analysis is a statistical approach in which gener-
alized equation, araphical relationships, or maps are developed for
the purpose of estimating hydrologic information at ungauged sites.
Runoff factors, unit hydrograph coefficients, and streamflow frequency
characteriscics can be estimated for ungauged watersheds that are
within the same climatic region as gauged watersheds. Any pertinent
information within the region should be used to relate watershad char-
acteristics with hydrologic characteristics. In one extreme, a
regional analysis may be used to estimate runoff coefficients or peak
flow in cubic meters per second per square kilometer associated with a
specified recurrence interval. At the other extreme, a regional anal-
ysis nmay be used to estimate parameter values needed to execute a com-
plex hydrologic nmoded.

Regional streamflow frequency analysis is the most commonly
applied regional analysis. Equations and maps are developed which
allow the derivation of exceedence frequency curves for ungauged areas
in the following manner:
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Figure 4. Hydrologic processes and runoff relationships.



74

(2)

Select components of interest such as the mean annual peak
flow, 100-year recurrence interval peak flow /.

Select explanatory variables (characterictics) of gauged water-
sheds such as drainage area, watershed slope, percentaqge of

area covered by lakes, (. Prediction variables are determined
ny regression analysis, as previously discussed.

Derive prodiction equations with single or multiple linear
regression analysis,

Map and explain the residual errors, which are the differences
between colculated and observed values at gauged sites. The
residuals constitute unexplained variance in the statistical
analysis. Since it is impossible to include all variables
which influence a particular hydrologic response, the mapping
of unexplained variances can sometimes indicate other factors
vhich are dmportant. Sometimes mapped residuals will indicate
a relationship between the magnitude of the residual error and
watershed characteri tics such as vegetative type or soils.

Determine frequency characteristics for ungauged locations by
applying the regression equation with adjustments as indicated
by the mapped residual errors.

Regional analysis has been widely applied in the United States

where streamflow or other hydrologic information is available, within
different climatic regions. The method must be used with care, how-
ever, since only on2 or, perhaps, a few components of the hydrologic
system are inciuded in the analysis. The vesults should alvays be
considered a rough estimate of the true hydrolocic characteristics.
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CHAPTER VI

VEGETATIVE MANAGEMENT
AND WATER YIELD

INTRODUCTION

To meet world demands for surface and ground water, several ap-
proaches to water augmentation and methods for better water management have
been explored. Water harvesting, reuse, salvage (by removal of riparian
plant communities), and vegetation management on upstream catchments are
some of these approaches.

The management of vegetation on upstream catchments to increase the
yield of usable water is of special interest. Water yield can be increased
by vegetative treatments that benefit, or are at least compatible with,
other natural resource objectives. Concepts of vegetation management for
water yield improvement will be presented, along with a brief summary of
several worldwide studies on the effects of altering vegetative cover on
water yield. ’

VEGETATION MANAGEMENT FOR WATER YIELD--CONCEPTS

Many studies conducted throughout the world have demonstrated that
annual water yields can be increased following the implementation of vege-
tation management practices. In general, the increased runoff is attrib-
uted to decreased evapotranspiration on the watersheds. That is,
following treatment, less precipitation input is converted to vapor as a
result of rainfail and snowfall interception and transpira.ion, and more is
made available for streamflow runoff. Presumably, the veduced evapotrans-
piration is due to changes in the structure and composition of vegetation
on the watershed.

Evaporation processes generally account for a significant propor-
tion of the annual precipitation input on most watersheds. Consequently,
the potential to increase water yield by decreasing evapotranspiration is
attractive. For exanple, 85 to 95 percent of the annual precipitation is
evaporated or usec by plants on many watersheds in arid and semiarid re-
gions, leaving only 5 to 15 percent available for streamflow runoff. On
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high elevation mountain watersheds in the snow zones of the world, the
annual water yield may be as high as 50 percent of the precipitation input,
but the evapotranspiration conponent is still significant and potentially
subject to reduction through vegetation management.

Peih2ns the above concepts may best be illustrated with a hypothet-
ical, but realistic, water budget for a forested watershed (Table 1).
Prior to treawment, average annual precipitation and evapotranspiration
were 635 and 560 millimeters (inm), respectively, leaving 75 mm for stream-
flow runoff. After the implementation of a vegetation management bractice,
perhaps a partial harvesting of the forest overstory in a timber management
operation, the annual streamflow runoff was increased by 25 mm (from 75 to
100 mm) due to a reduction in evapofranspiration of 25 mm (from 560 to 535
mn). The annual precipitation input of 635 mm remained the same, as basic
precipitation patterns are usually not affected by modifications in the
structure and composition of vegetation cover.

In the case illustrated, annual water yieid increased by 33 per
cent, while annual evapotranspiration decreased by 5 percent. It should
bo noted that, no natter what vegetation management practice is imposed on
watersheds, the annual evapotranspiration may only slightly change. How-
ever, as demonstrated above, even a small reduction in evapotranspiration
may cause significantly increased streamflow runoff.

[ndications are that, for eppropriate conditions and situations,
water yields can be augmented by vegetation management practices witiiout
denuding watersheds of planc cover and without unacceptable changes in ero-
<ion and sedimentation. Evidence also suggests that vegetation management
designed for water yield improvement can be developed to be compatibie with
other natural resource uses and values.

If the structure and composition of vegetation at the interface of
earth and atmosphere can be modified by management practices,

Table 1. Average annual precipitation, evapotranspiration, and runcff for
a hypothetical watershed in a treated and untreated condition.

Water Budget Component Untreated Treated
(mm) (mm)

Precipitation ’ 635 635

Evapotranspiration 560 535

Runoff 75 100
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evapotranspiration may be reduced with the result that more of the annual
precipitation input will be released from watersheds as usable water. This
concipt is the primary basis for the belief that vegetation can be managed
for water yield improvement as well as for other natural resource products
and amenities.

SUMMPRY OF WATER YICLD TMPROVEMENT EXPERIMENTS

Experimental catchments, often supplemented by plot studies and
coinputer modeling, have been used on numerous cccasions to demonstrate that
the hydrolocgic relationships of a river basin may be significantly affected
by the dimplementetion of a vegetation management practice on upstream
catchments.  These management practices, often jmposed as a water yield
inprovemenl practice, include various types of forest cutting or removal,
chenges of forest cover from one tree type to another, or more drastic
changes in which a forest cover is replaced by another type of vegetation.

As an overview of the potentials for water yield improvement
through vegetation management, a brief summary of severai worldwide studies
on the effects of altering vegetative cover on water yield and the signifi-
cance of the resulting conclusions are presented.

Emmenthal Mountains

In 1900, an early study of the effects of forest treatments on
water yield was carried out in the Emmenthal Mountains of Switzerland.
Here, measurements of climate, precipitation, and streamflow were made on
two small catchments, one forested and the other pastureland, to determine
the influence of ferests on water production. Despite attention to detail,
there was no way to ascertain that the observed differences in streamflow
between the two catchments were caused only by differences in vegetation
cover.

Wagon Wheel Gap

A second attempt to quantitatively analyze the influence of forests
on water yield was mede in the Wagon Wheel Gap investigation of 1911. The
conirol watershed approach (in which streamflow from two similar catchments
are compared during a period of "calibration," and then treating one catch-
ment while leaving the other untreated as a control) was first used in this
study of two forested catchments in the Colorado Rockies of the western
United States. Aficr eight years ot calibration, one of the catchments
was denuded by removing the scrub aspen and coniferous vegetation. Then,
for seven additional years, streamflow from the denuded areas was compared
with fiow from the control catchment. This investigaticn conclusively
demonstrated that clearing forest cover did increase streamflow. This
study also demonstrated that changes in water yield couid be quantitatively
assessed.



Coweeta Hydrologic Laboratory

In 1934, the Coweeta Hydrologic Laboratory was established by the
USDA Forest Service to analyze the effects of various forest cutting and
vegetative conversion treatments on wates yield in the humid mountains of
the eastern United Stazes. Mixed hardwoods with hasal area densities of
20 to 25 square metlers per hectare characterized the original forest condi-
tions on the twelve experimental catchments at Coweeta. Treatments imple-
mented and then evaluated included clearcutting with and without control of
regrowth, poisoning of forest overstories on portions of catchments with re-
growth restricted, and thinning above and below by selective logging.

With the exception of limited thinning (25 percent of the basal
area removed), the trestments evaluated increased water yield by varying
amounts. In general, these increases were greatest inmediately after
treatment and the duration of effect was dependent, in part, upon the se-
verity of treatment. One of the catchment studies is the site of the only
cutting experiment replicated in time.

Kamabuti

Coniferous and deciduous forest overstories on a small mountainous
catchment in Kamabuti, Japan were cleared in 1948, with subsequent annual
recutting of sprouts. Significant water yield increases were observed fol-
lowing treatment, although these increases were restricted to the growing
season.

Fernow Experimental Forest

In 1951, the USDA Forest Service began gauging on several small
catchments at the Fernow Experimental Forest in the Allegheny Mountains of
West Virginia in the eastern United States. Original forest conditions on
these catchments were mixed hardwoods at 20 to 25 square meters of basal
area per hectare. After calibration, water yield improvement studies were
designed and implemented to determine effects of logging on streamflow.
Treatments evaluated consisted, for the most part, of thinning by alterna-
tive silvicultural practices.

As was found at Coweeta, with the exception of limited thinning
(in this case, approximateiy 15 percent of the basal area removed), the
treatments evaluated increased water yield by varying amounts. Also, these
increases were greatest immediately after treatment.

Fraser Experimental fForest

To assess effects of forest cutting on snow pack dynamics and sub-
sequent streamflow, the USDA Forest Service logged mature lodgepole pine
and spruce-fir in strips and blocks on an experimental catchment in the



79

Colorado Rockies of the western United Stoces. As a result of this treat-
ment in which about 40 percent of the catchment was clearcut from 1954 to
1956, streamflow increased during the snownelt period (essentially May and
June). This increase in water yield was attributed, primarily, to redis-
tributions in snowpacks brought about by a restructuring of the forest
overstories.

Kimakia

In 1956, the hich montane and bamboo forests on an experimental
catchment at Kimakia in Kenya, East Africa, was cleared and planted to pat-
ula pine. Vegetables were grown among the pines until the third post-
treatment year (when the pines were 3 to 5 meters high). A large increase
in water vield was observed following cutting, with the greatest increases
immediately after treatment. No change in seasonal patterns of streamflow
occurred.

San Dimas Experimental Forest

At San Dimas, located in the semiarid region of California in the
western United States, the USDA Forest Service selectively treated chapar-
ral vegetation thought to use proportionally large quantities of water.

In 1958 and 1959 riparian vegetation was cut and regrowth controlled on one
experimental catchment (less than 2 percent of the area treated), while
chaparral on moist sites with deep soils was sprayed with herbicides on
another catchment (about 40 percent of the area treated). Both treatments
increased water yield, with dry-season streamflow affected more signifi-
cantly.

A disastrous wildfire swept San Dimas in 1960, destroying all exist-
ing vegetation. Dry-season streamflow increased appreciably following the
wildfire on the two catchments treated, while streamflow from untreated
(control) but burned catchments did not.

H. J. Andrews Lxperimental Forest

To determine how logging activities affect streamflow on the west-
ern slope of the Cascade Range in Oregon, United States, two experimental
catchments were subjected to staged treatments (road construction, cutting
of the coniferous overstories, and burning) during the period of 1959 to
1963. Significant increases in water yield occurred in the low flow season
after each treatment, but they were small in actual volume (less than 0.1
mm per day).
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Jonkershoek Forest Reserve

Analysis of streamflow from an experimental catchment on the Jenker-
shoek Forest Reserve, South Africa, has shown a 50 percent increase in water
yield after one third of the radiata pine forest cover was removed 16 years
following planting. Presumably, most of the increase in flow was due to
less transpiration losses. This effect of increased streamflow was main-
tained for three years after the thinning treatment.

Junquillar Basin

To evaluate effects of established land use patterns on the western
slope of Chile's coastal mountains, three experimental catchments (two
burned and an unburned control) were gauged in the Junquillar Basin during
1970. Native vegetation on the area included small trees (roble maulino,
white boldo, and litre), shrubs, and a few grasses. Radiata pine had been
planted on the burned catchments, a common practice in the region.

While still exploratory, preliminary results have indicated that
streamflow from the catchments did not differ noticeably. However, peak
flows, which are more sensitive to treatnent and may be more important in
a region of high rainfall, were higher on the burned areas.

North Maroondah

Measurements of effects of thinning radiata pine plantations and
regrowth mountain ash on streamflow volumes were the subject of major ex-
perimental catchment studies conducted by the Melbourne and Metropolitan
Board of Works in the North Maroondah area of Australia. Preliminary re-
sults suggest that forest manipulations involving thinning of these forest
cover types may be a feasible approach to increasing Melbourne's water sup-
plies.

Arizona Watershed Program

Watershed managers in the southwestern United States, a semiarid
region with short water supplies, have been particularly interested in
evaluating possibilities of water yield improvement by vegetation manage-
ment. As a result, the Arizona Watershed Program (involving federal, state,
and private interests) was formulated to study the influence of vegetation
management practices on the hydrologic processes affecting water yield im-
provement. While many vegetation types have been investigated, results
of experimental catchment studies to date indicate that the greatest op-
portunities for water yield improvement by vegetation management are found
in chaparral shrub communities, pinyon-juniper woodlands, ponderosa pine
forests, and mixed conifer (including aspen) forests.
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it appears that water yield from chaparral shrub communities can be
increased by removing shrub overstories and establishing a cover of grasses
and forbs. Although experimental catchments have been established by the
USDA Forest Service at several locations in chaparral, only the Three Bar
Watersheds, located in east-central Arizona, will be considered heve.

In 1956, four small catchmerts (B, C, D, and F) were established
on Three Bar. All were burned cver by wildfire three years later. With
the exception of Catchnent C, all of the catchments were seeded with grass
shortly after the fire; Catchment B was resecded; and Cavchment € sceded for
the first time in 1960. After calibration, control of chaparral shrub re-
growth with herbicides was attempted on Catchments C and B and changes in
water yield were observed. On Catchment €, the shrubs were controlled
through aerial appiications and hand treatments with herbicides. Annual
water yield following treatment increased over 325 percent. Hand applica-
tion of herbicides to the shrubs on the north-facing slopes, comprising
40 percent of Catchment B, increased annual water yield by 320 percent.
Complete conversion on Catcihment F resulted in an annual water yield in-
crease of approximately 700 percent.

Originally thought to have potential, improving water yield by
manipulating pinyon-juniper woodlands does not appear promising at this
time. On Beaver Creek and Corduroy Creek, experiwental catchments located
in north-central and east-central Arizona, respectively, removal of pinyon-
juniper overstories by mechanical techniques (chainina, cabling, and hand
clearing) has not increased water yield. However, water yield was im-
proved on one experimental catchment by killing pinyon and juniper trees
with herbhicides and leaving them stand. The increase on Beaver Creek Catch-
meni 3 after aerial spraying of herbicides was 65 percent annually. How-
ever, this study was too limited to make general statements about chemical
conversion treatments for increasing water yield.

Opportunities for and estimates of water yield improvement through
vegetation management in ponderosa pine forests are synthesized from the
results of experiments on Castle Creek, located in east-central Arizona,
and Beaver Creek. For purposes of discussion, vegetation management op-
tions in ponderosa pine forests may be placed into two categories: clear-
ing of forest overstories and thinning of forest overstories. Various
alternatives are possible within these categories, however. For instance,
clearings can be arranged and oriented in various patterns, and intensity
of thinning can be varied.

Clearing of ponderosa pine from one sixth of the West Fork of Castle
Creek and thinning the remaining five sixths increased annual water yield
by over 25 percent. On Beaver Creek Catchment 12, an increase of approxi-
mately 30 percent has occurred annually since the complete clearing of the
forest overstory. Clearing forest overstories from 20 meter side strips
and leaving alternating uncut strips 60 meters wide increased annual water
yield by nearly 15 percent on Beaver Creek Catchment 9. Thinning the forest
overstory by group sclection on Beaver Creek Catchment 17 increased annual
water vielcd by about 20 percent.
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Estimates of water yield improvement through the manipulation of
mixed conifer forest overstories are based, in part, upon particl conver-
sion experiments on the Workman Creek Watershed in east-central Arizona. On
the North Fork of Workman Creek, deciduous riparian vegetation was re-
moved, and two thirds of the moist-site and dry-site forests were con-
verted to grass. The resulting increase in water yield was approximately
85 percent. On the South Fork of Workman Creek, annual water yield
increased nearly 115 percent after an individual tree selection cut was
followed by a conversion cut.

DISCUSSION OF WATER YIELD IMPROVEMENT EXPERIMENTS

A review of woridwide studies of the effects of altering vegeta-
tive coveronwater yield suggests that several generalizations can be
made:

(1) reduction in densities of forest overstories increases water
yield;

(2) establishment of forest overstories on sparsely vegetated land
decreases water yield; and

(3) response of water yield to treatment is highly variable and,
for the most part, unpredictable.

The above generalizations must be qualified when specific ex-
periments are considered but, in most instances, they are accurate. With
few exceptions, the worldwide studies have shown a definite response to
vegetative cover alteration. However, the magnitude of treatment re-
sponse has varied considerably. For example, removal of scrub aspen
and coniferous vegetation in the Colorado Rockies of the western United
States caused streamflow to increase only 35 millimeters during the first
year after treatment, while complete cutting and removal of high montane
and bamboo forests in the mountains of East Africa increased water yield
in excess of 450 millimeters during the first year. These extremes re-
flect the diverse nature of the results and suggest the complexity ot
the causative factors.

To summarize, the results of experimental catchment studies sug-
gest that vegetation management may have potential for increasing water
yield on many drainages throughout the world. Furthermore, if desired,
many of these management practices can be designed to maintain or enhance
the production and use of associated natural resources, including timber,
domestic livestock, wildlife, aesthetics, and soils. Such possibilities
are not surprising, as many of the vegetation management practices tested
in various parts of the world are employed to benefit other natural re-
sources. Therefore, it seems possible that vegetation maragement can
satisfy increasing demands for other natural resources while it is in-
creasing water yield.
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The results presented in this overview are based, for the most
part, on research tests and not operational programs. Hopefully, these
research findings can be coupled with economic and sccial considera-
tions to develop operational practices that will provide multiple ben-
efits.

[t must be emphasized, however, that total areas potentially
suited to vegetation management practices aimed at increasing water
yield must be reduced to account for all of the possible constraints in
implementing an operational water yield improvement practice on a par-
ticular watershed. Generally, the total areas must be adjusted down-
ward by considering the constraints to implementation (Figure 1). Only
after these constraints have been taken into account can treatable
area be estimated,
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CHAPTER VII

EROSION PROCESSES
AND CONTROL

INTRODUCTION

This chapter attempts to summarize the available body of
knowledge and hypotheses on erosion processes, gully formation, and
control. Included are: fundamental erosion processes, classifica-
tion of gullies, objectives in gully control, types of control
structures, cost relations, and recommendations.

EROSTON PROCESSES

In general, there are three basic erosion processes on upland
watersheds: surface erosion, mass wasting, and channel or gully ero-

sion,

Surface erosion involves the detachment and subsequent removal
of soil particles and small aggregates from land surfaces. This type
of erosion is caused by the action of raindrops, thin film flows, and
concentrated overland flows. It results in sheet erosion, rills, small
gullies, ete. While seldom serious in forested areas, surface erosion
can be an important source of sediment from rangelands and cultivated
lands.

Mass wasting (or mass movement) is an important type of
erosion in steep, mountainous country. Mass wasting includes erosion
in which cohesive masses of soil are displaced. Movement can be rapid,
as with landslides, or it may be quite slow, as with slumps and soil
creeps. Man's activities can greatly accelerate the process of mass
wasting.
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Charmel or qully ervosion is the detachment and movement of
material, either individual soil particles or large aggregates,
from a stream channel. This kind of erosion is a major form of geo-
lcgic erosion which, under poor land management, can be greatly
accelerated.

A1l of the above erosion processes can occur singly or in com-
bination. At times, it is difficult to distinguish or separate be-
tween the basic types of erosion because, in reality, there is a
continuum of forms.

The control of channel or gully erosion is a particularly
important responsibility of watershed resources managers. To develop

effective control measures, an understanding of qully formation and
control structures is necessary.

CLASSIFICATION OF GULLIES

Discontinuous Gullies

Gullies may be classified as discontinuous or continuous.
Discontinuous gullies may be found at any location on a hillslope.
Their start is signified by an abrupt headcut. Normally, gully depth
decreases rapidly downstream. A fan forms where the gully intersects
the valley. Discontinuous gullies may occur singly or in a system of
chains in which one gully follows the next downslope. These gullies
may be incorporated into a continuous system either by fusion with a
tributary, or may become a tributary to the continuous stream net
themsclves by a process similar to stream "capture." In the latter
case, shifts on the alluvial fan cause the flow from a discontinuous
gully to be diverted into a gully, falling over the gully bank. At
this point, a headcut will develop that proceeds upstream into the
discontinuous .channel where it will form a nickpoint. Headward ad-
vance of the nickpoint will lead to gully deepening.

Continuous Gullies

The continuous gully begins with many fingerlike extensions into
the headwater area. It gains depth rapidly in the downstream direction
and maintains approximately this depth to the gully mouth. Continuous
gullies nearly always form systems (stream nets). They are found in dif-
ferent vegetation types, but are prominent in the semiarid and arid re-
gions. It appears that localized or regional depletion of any vegetative
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cover can lead to gully formation and gully stream nets, if other factors
such as topography and soils are conducive to gully initiation.

During the youthful stage, gully processes proceed toward the at-
tainment of dynamic equilibrium; while, in the old age stage, a gqully
loses the characteristics for which it is named and resembles a river or
"normal" stream. Gully development may not end with old age, however.
Environmental changes, such as induced by new land use and climatic
fluctuation or uplift, may lead to rejuvenation, throwing the gully back
into the youthful stage. We must also recognize that guily development
is not necessarily an "orderly" process, proceeding from one condition
to the next "“advanced" one.

OBJECTIVES IN GULLY CONTROL

Main Processes of Gully Erosion as Related to Control

The mechanics of gully erosion can be reduced to two main pro-
cesses:  downcutting and headceutting. Downcutting of the gqully bottom
leads to qully deepening and widening. Headcutting extends the channel
into ungullied headwater areas and increases the stream net and its
density by developing tributaries. Thus, effective gully control must
stabilize both the channel gradient and channel headcuts.

Long-Term Objective of Controls--Vegetation

In gully centrol, it is of benefit to recognize long- and short-
term objectives because often it is very difficult or impossible to reach
the long-term goal (vegetation) directly; gully conditions must be first
altered. Required alterations are the immediate objectives.

Where an eftective vegetation cover will grow, gradients may be
controiled by the establishment of plants without supplemental mechanical
measures. Only rarely can vegetation alone stabilize headcuts, however,
because of the concentrated forces of flow at these locations. The most
effective cover in gullies is characterized by great plant density, deep
and dense root systems, and low plant height. Long, flexible plants
(such as certain tall grasses), on the other hand, lie down on the qully
bottom under impact of flow. They provide a smooth interface between
flow and original bed, and may substantially increase flow velocities.
These higher velocities may endanger meandering gully banks and, in spite
of bottom protection, wicen the gully. Trees, especially if grown beyond
sapling stage, may restrict the flow and cause diversion against the
bank. Where such restrictions are concentrated, the flows may leave the
gully. This is very undesirable because, in many cases, new gullies de-
velop and new headcuts form where the flow reenters the original channel.
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Er.aineers' Measures--An Aid to Vegetation Recovery

If growing conditions do not permit the direct establishment of
vegetation (due to climatic or site restrictions, or to severity of
gully erosion), engineering measures will be required. These measures
are nearly always required at the critical locations where channel
changes invariably take place. Examples are nickpoints on the gully
bed, headcuts, and qully reaches close to the gully mouth where deepen-
ing, widening, and deposition alternate frequently with different flows.
Nickpoints signify longitudinal gradient changes; a gentler gradient 1is
being extended toward headwaters by headcutting on the bed. Normally,
critical locations are easily definable.

An effective engineering design must help establish and rehabil-
itate vegetation. Revegetation of a site can be aided in different ways.
If the qully gradient is stabilized, vegetation can become established
on the bed. Stabilized qully bottoms will make possible the stabiliza-
tion of banks, cince the toe of the gully side slopes is at rest. This
process can be speeded up mechanically by sloughing gully banks where
steep banks wouid prevent vegetation establishment. Banks should be
sloughed only after the bottom is stable, however,

Vegetation rehabilitation is also speeded if large and deep de-
posits of sediment accumulate in the gully above engineering works. Such
alluvial deposits make excellent aquifers, increase channel storage
capacity, decrease channel gradients, and thus, decrease peak flows.
Channel deposits may also raise the water table on the land outside the
gully. They may reactivate dried-up springs or may convert ephemeral
springs to perennial flow. Al1 these results create conditions much
more favorable to plant growth than those existing before control.

Watershed Restoration Aids Gully Control Measures

Measures taken outside the channel can also aid revegetation
processes in the gully. Improvements on the watershed that: increase
infiltration and decrease overland flow, and spread, instead of con-
centrate, this flow, will benefit gully healing processes. A study on
sediment control measures showed that sediment yields were reduced 25 to
60 percent by land treatment and land use adjustments, as surveyed at
15 to 20 year oild flood water retarding structures in the southern
Great Plains. But when combined land treatment and structural measures
were applied, sediment yields were reduced 60 to 75 percent, Normally,
however, gully improvements can be attained quicker within the gully
than outside, because of concentration of treatment and availability of
higher soil moisture in the defined channel.

Since watershed restoration measures are only supplemental to
qully control, some examples will suffice here: seeding and planting
with and without land preparation and fertilization; vegetative cover
conversions; and engineering works such as reservoirs, water diversions,
benches, terraces, trenches, and furrows.
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Immediate Objectives of Control

Different types of rieasures benefit plants in different ways.
It is therefore important to clarify the type of help vegetation estab-
lishment requires most. Questions should be answered such as: Is the
present moisture regime of the qully bottom sufficient to support plants,
or should the bottom be raiscd to increase moisture availability? One
must recognize that a continuous, even raising of the bottom is not
possible.

The immediate objectives of a gully treatment must consider
other aspects in addition to plant cover. Usually, these considerations
involve hydraulics, sedimentations, soils, and sometimes the Tlogistics
required for the maragement of the watershed. For instance, management
may call for deposits of maximum possible depth at strategic locations
to provide shallow gqully crossings. Thus, 1f sediment catch is a de-
sirable objective, large dams should be built. But if aesthetic consid-
erations mai:2 check dams undesirable (and watershed logistics and
revegetation offer no problems), the gully bottom may be stabilized with
dams submerged into the bed, and thus invisible to the casual observer.

These examples illustrate how imporcant it is to clarify the im-
mediate and overall objectives of a planned treatment before deciding on

approaches and measures. The objectives determine the measures; the
measures determine the type of result.

GULLY CONTRbL STRUCTURES AND SYSTEMS

Types of Porous Check Dams

The most commonly applied engineering measure is the check dam.
Forces acting on a check dam depend on design and type of construction
material. Nonporous dams with no weep holes, such as those built from
concrete, sheet steel, wet masonry, and fiberglass, receive a strong im-
pact from the dynamic and hydrostatic forces of the flow. These forces
require strong anchoring of the dam into the qully banks, to which most
of the pressure is transmitted. In contrast, porous dams release part
of the flow through the structure, and thereby decrease the head of flow
over the spillway and the dynamic and hydrostatic forces against the dam.
Much less pressure is received at the banks than with nonporous dams.
Since qullies generally are eroded from relatively soft soils, it is
easier to design effective porous check dams than nonporous ones. Once
the catch basin of either porous or nonporous dams is filled by sediment
deposits, however, structural stability is less critical because the dam
crest has become a new ievel of the upstream gully floor.

Loose rock can be used in different types of check dams. Dams
may be built of loose rock only, or the rnck may be reinforced by wire
mesh, steel posts, or other materials. The reinforcements may influence
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rock size requirements. If wire mesn with small openings is used, rocks
may be smaller than otherwise required by the design flow.

Some different types of check dams will be described, but the
field of check dam design is wid=2 open. Many variations are possible.
The torrent control ergineers of Europe have been especially successful
with filter or open dams. Most of their designs are for large torrents
where stresses on the structures are much greater than those in gullies,
jenerally. Other types of filter dams have vertical grids, or grids in-
stalled at an angle to the vertical.

AT1 the torrent control dams are quite sophisticated and costly.
Such high costs are often justified in Europe, however, since population
densities require the most effective and iasting control measures. These
qualities are especially important if the basic geologic instability of
the alpine torrents is considered. 1In contrast, most gullies in the
western United States are caused by soil faiiure. Lifc and high-cost
property are not usually endangered. Simpler. lecs expensive stcructures
will therefore be preferable. Some of the most effective and inexpensive
dams are built mainly from loose rock. They will, therefore, be empha-
sized in the descriptions that follow.

Loose Rock

Since loose-rock dams (Figure 1) are not reinforced, the angle
of rest of the rock should determine tha slope of the dam sides. This
angle depends on the type of rock, the weight, size, and shape of the
individual rocks, and their size distribution. If the dam sides are
constructed at an angle steeper than that of rest, the structure will
be unstable and may lose its shape during the first heavy runoff. For
the design of check dams, the following rule of thumb can be used: the
angle of rest for angular rock corresponds to a slope ratio of 1.25 to
1.00; for round rock, 1.50 to 1.00.

Wire-Bound Loose Rock

A wire-bound check dam is identical in shape to that of a loose-
rock dam, but the lcose rock is enclosed in wire mesh to reinforce the
structure. The Tlexibiility within the wire mesh is sufficient to permit
adjustments in the structural shape, if the dam sides are not initially
sloped to the angle of rest. Therefore, the same rock design criteria
are required for a wire-bound dam as for a loose-rock structure.

The wire mesh should: be resistant to corrosion, be of suffi-
cient strength to withstand the pressure exerted by flow and rocks, and
have openings not larger than the average rock size in the dam. Wire
mesh may not be effective in boulder-strewn gullies supporting flows
with heavy, coarse loads.
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Figure 1. Construétion plans for a loose-rock check dam.
A = section of the dam parallel to the centerline of the qully.

B = section of the dam at the cross section of the gully.
a = original gully bottom. b = original gully cross section.
c = spillway. d = crest of freeboard. e = excavation for key.
f = excavation for apron. g = end sill.



Single Fence

Single-fence rock check dams (Figure 2) differ greatly in shape
and requirements of construction materials from the loose-rock and wire-
bound dams. These structures consist of: a wire-mesh fence, fastened
to steel fenceposts and strung at right angles across the gully, and
a loose-rock fill, piled from upstream against the fence. The rock
£i11 can be constructed at an anale steeper than that of rest for two
reasons: (1) Tha impact of flows will tend to push the individual
rock into the fili and against the dam, and (2) Sediment deposits will
add stability to the f111 and will cventually cover it.

The design of this type of check dam should emphasize specifica-
tions for the wire mesh, and the setting, spacing, and securing of the
steel fenceposts. The wire mesh specifications will be the same as
those for the wire-bound dams.

The steel fenceposts should be sufficiently strony toresist the
pressure of the rock fill and the flows, and must be driven into the qul-
1y bottom and side slopes to a depth that insures their stability in
saturated soil. If it is impractical to drive posis to sufficient
depths, the stability of the posts should be enhanced by quys. These
guys should be anchored to other posts that will be covered and thus
held in place by the rock fill.

In general, spacing between the fenceposts should not be more
than 1.2 meters to prevent excessive pouching {stretching) of the wire
mesh. Where conditions do nct allow this spacing, a maximum of 1.5
meters can be used, but the fence must be reinforced by steel posts
fastened horizontally between the vertical posts. Excessive pouching
of the wire mesh reduces the structural height and impairs the stabil-
ity of the dam.

Double Fence

The double-fence rock check dam has two wire mesh fences, strung
at a distance from each other across the channel (Figure 3). In this
type of dam, a well-graded supply of rocks is essential, otherwise the
relative thinness of the structure would permit rapid throughflow, re-
sulting in water jets. Double-fence dams should only be built if an
effective rock gradation can be obtained.

When flows of large magnitude (2 meters3/second, for example) or
gullies on steep hillsides are encountered, the base of *the double-fence
dam should be wider than the crest. This will add structural stability
and increase the length of the flow through the lower part of the dam.



93

meters

!
0 1.5 3

Figure 2. onstruction plans for a single-fence rock check dam.

section of the dam parallel to the centerline of the gully.
section of the dam at the cross section of the gully.

IO

a = original guily bottom. b = original qgully cross section.

¢ = spillway. d = crest of freeboard. e = excavation for key.
f = excavation for apron. g = end sill. h = steel fencepost.
i = quys. J = rebar, 13 millimeters in diameter.



94

-~-q
00
-

flow

Figure 3.

(oo lin - qp}

onstruction plans for
section of the dam
section of the dam

d

c
f
i

original gully
spillway. d =
excavation for

NN

a double-fence rock check dam.

parallel to the centerline of the gully.

at the cross section of the qully.

bottom. b = original gully cross section.
crest of freeboard. e = excavation for key.
apron. g = end sill. h = s’ 1 fencepost.

rebar, 13 millimeters in diameter.
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Gabion

A gabion check dam consists of prefabricated wire cages that are
filled with loose rock. Individual cages are placed beside and onto
each other to obtain the dam shape. HNormally, this dam is more aesthet-
ically pleasing, but it is more costly than loose-rock or wire-bound
rock check dams.

Headcut Control

Headcuts can be stabilized by different types of structures, but
all have two important requirements: porosity in order to avoid exces-
sive pressures and thus eliminate the need for large, heavy structural
foundations; and some type of inverted filter that leads the secepage
gradually from smaller to larger openings in the structure. (Otheiwise,
the soils will be carried through the control, resulting in erosicn.)

An inverted filter can be obtained if the headcut wall is sloughed to
such an angle that material can be placed in layers of increasing par-
ticle size, from fine to coarse sand and on to fine and coarse gravel.
Good results may also be obtained by use of erosion cloth, a plastic
sheet available in two deyrees of porosity.

[f rock walls reinforced by wire mesh and steel posts are used,
site preparation can be minimized. Loose rock can be an effective head-
cut control if the flow through the structure is controlled also. As in
loose-rock check dams, the sizz, shape, and size distribution of the rock
are of special importance to the success of the structure. The wall of
the headcut must be sloped back so the rock can be placed against it.

If the toe of the rock fill should be eroded away, the fill
would be lost. Therefore, stabilization of this toc must be emphasized
in the design. A loose-rock dam can be designed to dissipate energy
from the chuting flows, and to catch sediment (Figure 4). Sediment dep-
ositions will further stabilize the toe of the rock fill by encouraging
vegetation during periods with no or low channel flow.

General Design Criteria

Loose Rock

Loose rock has proved to be a very suitable construction mate-
rial if used correctly. Often it is found on the land and thus elim-
inates expenditures for long hauls. Machine and/or hand labor may be
used. The quality, shape, size, and size distribution of the rock used
in constructior of a check dam affect the success and 1ifespan of the
structure.

Obviously, rock that disintegrates rapidly wlen exposed to wate:
and atmosphere will have a short structural life. Further, if only
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Figure 4.

Construction plan for a gully headcut control with a loose-
rock check dam. The section of the structure is parallel

to the centerline of the gqully. a = original gully bottom.

b = excavated area of headcut wall. c = spillway. d = crest
of freeboard. e = excavation for key. f = excavation for
apron. g = end sill. h = rock filt.
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small rocks are used in 2 dam, they may be moved by the impact of the
first large water flow, and the dam quickly destroyed. 1In contrast, a
check dam constructed of only Targe rocks that leave large voids in the
structure will offer resistance Lo the flow, but may create water jets
through the voids. ‘nese jets can be highly destructive if directed to-
ward openings in the bank protection work or other unprotected parts of
the channel. Large voids in check dams also prevent the accumulation

of sediment above the structures. In general, this accumulation is
desirable becau,e 1t increases the stability of structures and enhances
stabilization ot the qully.

Large voids will be avoided if the rock is well graded. Weil-
graded rock will permit some fiow through the structure. The majority
of the rock sheuld be Targe enough to vzzist the flow.

Since required size and gradation of rock depend on size of dam
and magnitude of flow, strict rules for cffective rock gradation cannot
be given. The recommendations given below are cmpirical values derived
from qully treatments in the Colorado Rocky Mountains, and should be
evaluated accordingly. The designer should use thesc values only as a
quide for his decision.

As a general rule, rock diameters <hould not be less than 10
centimeters, and 25 percent of all rocks should fall into the 10 to 14
centimeter size class. The upper size Timit will be determined by the
size of the dam; large dams can include Targer rock than smaller ones.
Flat and round rock, such as river material, should be avoided. Both
types slip out of a structure more easily than broken rozks, which anchor
well with each other.

In general, Targe design peak flows will require larger rock
sizes than small flows. As an exannle, assume that the desianed total
dam height ranyges between 1 and 2 meters, where total height is measured
from the bottom of the dam to the crest of the freeboard. Type of dam
is loose rock without reinforcement. Design peak flow is estimated not
to exceed 1 meterd/second. An effective rock gradation would call for
a distribution of size classes as follows:

Size Percent
10-14 cm 25
15-19 c¢m 20
20-30 cm 25
31-45 cm 30

If, on the other hand, dam height would be increased to 3 meters, rock
up to 1 meter diameter, constituting 15 percent of the volume, could be
placed into the base of the dam and the second size class decreased by
this portion. If peak flow was estimated not to exceed 0.75 meter3/
second, the 31 to 45 cm size class could be eliminated and 55 percent of
the volume could be in the 20 to 30 centimeter class.
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Spacing

The locaiion of a check dam will be determined primarily by the
required spacing of the structures. Requirements for spacing depend on
the gradients of the sediment deposits expected to accumulate above the
dams, the effective heights of the dams, the available funds, and the ob-
jective of the gully treatment. If, for instance, the objective is to
achiave the greatest possible deposition of sediment, high, widely spaced
dams would be constructed. On the other hand, if the objective is main-
ly to stabilize the gully gradient, the spacing would be relatively
close and the dams low.

In general, the most efficient and most economical spacing is
obtained if a check dam is placed at the upstream toe of the final sedi-
ment deposits of the next dam downstream. This ideal spacing can only
be estimated, of course, to obtain guidelines for construction plans.

Normally, objectives of gully control require spacings of check
dams great enough to allow the full utilization of the sediment-holding
capacity of the structures. Detcrmination of this spacing requires def-
inite knowledge of the relationship between the original gradient of the
gully channel and that of sediment deposits above check dams placed in
the qully.

Keys

Keying a check dam into the side slopes and bottom of the qully
greatly enhances the stability of the structure. Such keying is impor-
tant in gullies where expected peak flow is large and where scils are
highly erosive (such as soils with high sand content). Loose-rock check
dams without keys were successfully installed in soils derived from
Pikes Peak granite, but estimated peak flows did not exceed 0.2 meters™/
second.

The objective of extending the key into the gully side slopes is
to prevent destructive flows of water around the dam and consequent
scouring of the banks. Scouring could lead to gaps between dam and bank
that would render the structure ineffective. The keys minimize the
danger of scourirg and tunneling around check dams because the route of
seepage is considerably lengthened as voids in the keys become plugged,
the length of the seepage route increases. This increase causes a de-
crease in the flow velocity of the seepage water and, in turn, a decrease
in the erosion energy.

The part of the key placed into the gully bottom is designed to
safeguard the check dam against undercutting at the downstream side.
Therefore, the base of the key, vhich constitutes the footing of the
dam, must be designed to be below the surface of the apron. This is of
particular importance for fence-type and impervious structures because
of the greater danger of scouring at the foot of these dams. The water
flewing over the spillway forms a chute that creates a main critical
area of impact wheve the hydraulic jump strikes the gully bottom. This
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lTocation is away from the structure. The sides of loose-rock and
wire-bound check dams slope onto the apron, on the other hand, and no
freefall of water occurs.

The design of the keys calls for a trench, usually 0.6 meters
deep and wide, dug across the channel. Where excessive instability is
demonstrated by large amounts of loose materials on the lower part of the
channel side slopes or by large cracks and fissures in the bank walls,
the depth of the trench should be increased to 1.2 or 1.8 meters.

Dam construction staris with the filling of the key with loose
rock. Then the dam is erected on the rock fill. Rock size distribution
in the key shouid be watched carefully. If voids in the key are large,
velocities of flow within the key may lead to washouts of the bank mate-
rials. Since the rock of the keys is embedded in the trench and there-
fore cannot be easily moved, it is advantageous to use smaller materials,
such as a mixture with 80 percent smaller than 14 centimeters.

Height

The effective height of a check dam is the elevation of the
crest of the spillway abcve the original gully bottom. The height not
only influences structural spacing but also volume of sediment deposits.
In most cases, dam height will be restricted by one or all of the follow-
ing criteria: costs, stability, and channel geometry in relation to
spillway requirements. Cost relations between different types of rock
check dams will bhe discussed later. Stability of impervious check dams
should be calculated where life and/or property would he endangered by
failure.

Severely tested check dams in Colorado had maximum heights as
follows: loose-vock and wire-bound dams, 2.2 meters; and fence-type
dams (thickness of 0.6 meter), 1.8 meters.

In gullies with small widths and depths but large magnitudes of
flow, the effective height of dams may be greatly restricted by the
spillway requirements. This restriction may result from the spillway
depth necessary to accommodate expected debris-laden flows.

Spillway

Most gullies nave either trapezoidal, rectangular. or V-shaped
cross sections. For structural gqully control, design storms should be
of 25 years magnitude and, as a minimum, spillways should accommodate
the expected peak flow from such a storm. In mountainous watersheds,
however, where forests and brushlands often contribute large amounts of
debris to the flow, the size and the shape of spillways should be de-
termined by this expected organic material. As a result, required
spillway sizes will be much larger than if the flow could be considered
alone. Spiliways designed with great lengths relative to their depths
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are very important nere. Yet, spillway length can be extended only
within limits because a sufficient contraction of the flow over the
spillway is needed to form larger depths of flows to float larger Tloads
over the crest. The obstruction of a spillway by debris is undesirable
since it may cause the flow to overtop the freeboard of the check dam
and lead to its destruction.

The characteristics of the sides of a spillway are also impor-
tant for the release of debris over the structure. Spillways with per-
pendicular sides will retain debris much easier than those with sloping
sides; in other words, trapezoidal cross sections are preferable to
rectangular ones. A trapezoidal shape introduces another benefit by in-
creasing the effective length of the spillway with increasing magnitudes
of flow.

The length of the spillway relative to the width of the gully
bottom is important for the protection of the channel and the structure.
Normally, it is desirable to design spillways with a length not greater
than the available gully bottom width so that the waterfall from the dam
will strike the gully bottom. There, due to the stilling-basin effects
of the dam apron, the turbulence of the flow is better controlled than
if the water first strikes against the banks. Splashing of water against
the channel side slopas should be kept at a minimum to prevent new ero-
sion. Generally, spiiiway length will exceed gully bottom width in gul-
lies with V-shaped cross sections, or where large flows of water and
debris are expected relative to the available bottom width. In such
cases, intensive protection of the gully side slopes below the structure
is required.

Apron

Aprons must be installed on the gully bottom and protective works
on the gul"y side slopes below the check dams, otherwise flows may eas-
ily undercut the structures from downstream and destroy them.

Apron length below a loose-rock check dam cannot be calculated
without fieiu and laboratory investigations on prototypes. Different
structures may have have different roughness coefficients of the dam side
slope that forms a chute to the flow if tailwater depth is low. Dif-
ferences in rock gradation may be mainly responsible for the different
roughness values.

The design procedures for the Toose-rock aprons were therefore
simplified and a rule of thumb adopted: the Tlength of the apron was
taken as 1.5 times the height of the structure in channels where the
gradient did not exceed 15 percent, and 1.75 times where the gradient
was steeper than 15 percent. The resulting apron lengths included a
sufficient margin of safety to prevent the waterfall from hitting the
unprotected gully bottom. Th: design provided for embedding the apron
into the channel floor so that its surface would be roughly level and
about 0.3 meters below the original bottom elevation.
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At the downstream end of the apron, a loose-rock sill should be
built 0.15 meter high, meesured from channel bottom elevation to the
crest of the sill. This end sill creates a pool in which the water will
cr.shion the impact of the waterfall.

The installation of an end sill provides another benefit for the
structure. Generally, aprons are endangered by the so-called ground
roller that develops where the hydraulic jump of the water hits the gul-
1y bottom. These vertical ground rollers of the flow rotate upstream
and, where they strike the qully flcor, scouring takes place. Thus, if
the hydraulic jump is close to the apron, the ground roller may under-
mine the apron and destroy it. The end sill will shift the hydraulic
jump farther downstream, and with it the dangercus ground roller. The
higher the end sill, the farther downstream the jump will occur. Since
data on sediment and flow are not usually available, a uniform height
of s111 may be used for all structures.

Epheneral gullies carry frequent flows of small magnitudes.
Therefore, it is advisable not to raise the crest of tne end sills more
than 0.15 to 0.25 meter above the gully bottom. £End sills, if not sub-
merged by the water, are dams and create waterfalls that may scour the
ground below the sill. At higher flows, some tailwater usually exists
below a sill and cushions, to some extent, the impact from the waterfall
over the sill.

Where the downstream nature of the gully is such that appreciable
depth of tailwater is expected, the installation of end sills is not
critically important. The hydraulic jump will strike the water surface
and ground rollers will be weak.

Bank Protection

Investications have shown that check dams may be destroyed if
flows scour the gully side slopes below the structures and produce a
gap between the dam and the bank. Since water below a check dam is
turbulent, eddies deveiop that flow upstream along each qully side
slope. These eddies are the cutting forces.

Several types of material are suitable for bank protection.
Loose rock is effective, but should be reinforced with wire-mesh fence,
secured to steel posts, on all slopes steeper than 1.25 to 1.00. The
design should provide for excavation of the side slopes to a depth of
about 0.3 meter so that the rock can be placed flush with the surround-
ing side slope surface to increase stability of the protection. Excava-
tion of surface materials also assures that the rock would not be set
on vegetation. Banks should be protected for the full length of the
apron.

The height of the bank protection depends on the characteristics
of channel, flow, and structure. Where gullies have wide bottoms and
spillways are designed to shed the water only on the channel floor, the
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height should equal total dam height at the structure, but can rapidly
decrease with distance from the structure. In contrast, where the
waterfall from a check dam will strike against the gully banks, the
height of the bank protection should not decrease with distance from
dam to prevent the water from splashing against unprotected banks.

In gullies with V-shaped cross sections, the height of the bank
protection should be equal to the elevation of the upper edges of the
freeboards of the dam. 1In general, the height of the bank protection
can decrease with increasing distance from the dam.

CONSTRUCTION PROCEDURES

Before construction starts, the following design features should
be staked and flagged conspicuously:

(1) Mark the centerline of the dam and the key trenches, respective-
1y, on each bank. Set the stakes away from the gully edge to
protect them during construction.

(2) Designate the crest of the spillway by a temporary bench mark in
the gully side slope sufficiently close to be of value for the
installation of the dam.

(3) Mark the downstream end of the apron.

(4) For loose-rock and wire-bound dams, flag the upstream and down-
stream toes of the dam proper.

: Caution is required during excavation tu avoid destroying the
stakes before the main work of installation begins.

The construction of all dams should start with the excavation
for the structural key, the apron, and the bank protection. This very
important work can be performed by a backhoe or hand labor. Vegetation
and loose material should be cleaned from the site at the same time.

The trenches for the structural keys will usually have a width
of 0.6 meter, therefore a 0.5 meter wide bucket can be used on the back-
hoe. If the construction plan calls for motorized equipment, two types
of backhoes can be used. One, mounted on a rubber-wheeled vehicle and
operating from a turntable, permits the backhoe to rotate 360 degrees.
This machine travels rapidly between locations where the ground surfaces
are not rough and works very efficiently in gullies whose side slopas
and bottoms can be excavated from one or both channel banks. The other
type can be attached to a crawler tractor. This type proves to be ad-
vantageous at gullies that are difficult to reach, and at ones with
widths and depths so large that the backhoe has to descend into the
channel to excavate. In deep gullies with V-shaped cross sections, tem-
porary benches on the side slopes may be necessary. Often, the bench
can be constructed by a tractor with blade before the backhoe arrives.
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The excavated material should be placed upstream from the dam
site in the gully. The excavated trench and apron should then be filled
with rock. Since a special graded rock is required for the keys, rock
piles for keys must be separate from those used in the apron and dam
proper. Excavations can be filled by dumping from a dump truck or by
hand Tabor. During dumping operations, the fill must be checked for
voids, which should be eliminated.

If dump trucks are Toaded by a bucket loader, some soil may be
scooped up along with the rock. Soil is undesirable in a rock structure
because of the danger of washouts. To avoid soil additions. use a bucket
with a grilied bottom that can be shaken before the truck is loaded.
Other devices such as a grilled loading chute would also be appropriate.

Dumping rock into the dam proper has two advantages: The struc-
ture will attain greater density, and rocks will be closer to their
angle of repose than if placed by hand. Hand Tlabor can never be com-
pletely avoided, however, since plugging larger voids and the final dam
shape require hand placement. Where gullies are deep and dumping is im-
practical, rock chutes may be used.

Often, gully control projects are planned to provide employment
for numbers of people. This objective can easily be accomplished if suf-
ficient supervision is available for the individual steps in the con-
Struction. Special attention is needed at the spillway and freeboard.

In Toose-rock and wire-bound structures, where the shape of the dam is
not outlined by a fence as in the other tfypes, experience shows there
is a tendency to construct the spillways smaller than designed.

In wire-bound dams, a commercial, galvanized stock fence, usually
about 1.2 meters wide, can be used. The stay and line wires should not
be Tess than 12-1/2 gage low-carbon steel, the top and bottom wires 10
gage Tow-carbon steel, and the openings in the mesh 0.5 meter. To con-
nect ends of the fence or to attach the fence to steel posts, a galvan-
ized 12-1/2 gage coil wire is sufficiently strong.

The wire mesh of required length and width should he placed
over the gully bottom and side slopes after the trench and apron have
been filled with rock. Generally, several widths of mesh will be needed
to cover the surface from bank to bank. If several widths are required,
they should be wired together with coil wire where they will be covered
with rocks. The part not to be covered should be left unattached to
facilitate the fence stringing operations around the structure.

Before the rock is placed on the wire mesh for the installation
of the dam proper, the mesh should be temporarily attached to the gully
banks. Otherwise, the wire mesh iying on the gully side slopes will be
pushed into the gully bottom by the falling rock and buried. Usually,
stakes are used to hold the wire mesh on the banks.

After the dam proper is placed and shaped, the fence can be
bound around the structure. Fence stretchers should be applied to pull
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the upstream ends of the fence material down tightly over the downstream
ends, where they will be fastened together with coil wire. Then the
bank protection below the dam should be installed.

The installation of single- and double-fence dams begins with the
construction of the fences after excavation is completed. Construction
drawings should be followed closely here because the final shape of the
dams will be determined by the fences. Conventional steel fenceposts can
be used. In some locations, the great height of posts may offer diffi-
culties for the operator of the driving equipment, and scaffolds should
be improvised. A pneumatically driven pavement breaker with an attach-
ment can be used to ease the job of driving. Since relatively great
lengths of hose may be attached this tool may be used in deep gullies and
on sites with difficult access.

At single-fence dams, dumpiny of rock is practical if the gully
is not excessively deep or wide. At double-fence structures, hand labor,
a backhoe, or a clamshell will be required. The rock should be placed
in layers and each layer inspected for large voids, which should be
closed manually by rearranging rocks.

Much time and effort can be saved during construction if a real-
istic equipment plan is established beforehand. Such a plan requires an
intimate knowledge of the cross sectional dimensions of the gullies and
their accessibility to motorized equipment. Pioneer roads that might be
needed because of lack of access are not only important for equipment
considerations, but will also enter into the cost of the construction.

If equipment is to be used, as a general rule, it appears to be
advantageous to use heavier and larger machines if their mobility is
adequate. Although hourly costs for heavier machines are usually great-
er, the total cost for a job is reduced.

With few exceptions, conventional construction equipment is not
sufficiently mobile to operate in rough topography without pioneer roads.
In watershed rehatilitation projects such as gully control, road con-
struction is undesirable because it disturbs the ground surface and may
lead to new erosion. It is therefore desirable to consider crawler-type
equipment only.

COST RELATIONS

Relationships between the installation costs of the four differ-
ent types of rock check dams described here are based on research in
Colorado. The relationships are expressed by ratios (Figure 5) to avoid
specific dollar comparisons. When considering the cost ratio, one must
keep in mind that differential inflation may have offset some finer dif-
ferences in cost. It is advisable, therefore, to test the cost of indi-
vidual structures by using material and volume requirements as given by
the equations. The cost ratios (Figure 5) can then be adjusted, if
necessary.
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It is obvious that the cost of installing a complete gully
treatment increases with gully gradient because the reguired number of
dams increases. However, there is one effective dam height at which the
cost is lowest (Figure 6). In the sample gully, this optimunm height for
loose-rock dams is about 0.6 meter, for single-fence dams 0.7 meter, and
for double-fence dams 1.1 meters. A constant qully cross section was as-
sumed. In reality, of course, gully cross sections usually change between
dam sites.  The optinum height for lowest treatment costs is not a con-
stant, but changes between gullies, depending on shape and magnitude of
the qully cross sections at the dam sites.

Since the cost of the dam is directly proportional to the rock
volume, rock requirement will be dependent upon dam height (Figure 6).
This means that, in a given gully, there is one dam heignt at which rock
requirements for a treatment are smallest.

A treatment cannot be evaluated on the basis of cost of instal-
lation alone, because recognition of benefits is part of the decision
making process. Sediment deposits retained by check dams can be incor-
porated into a cost ratio that brings one tangible benefit into perspec-
tive. Sediment has been cited as the nation's most serious pollutant.
The sediment-cost ratio increases (treatment is increasingly beneficial)
with dam height and decreases with increasing gradient.

Since single-fence and double-fence dams cost Tess than loose-
rock and wire-bound loose-rock dams for an effective height greater than
0.3 meter, the sediment-cost ratio is more favorable for the fence-type
structure. The ratios remain smaller than 1.0 in all gradients iarger
than 5 percent for treatments with loose-rock and wire-bound Toose-rock
dams, and on qgradients larger than 7 and 9 percent for treatments with
single-fence and double-fence dams, respectively.

The importance of sediment-cost ratios in relation to guily
gradient and effective dam hcight becomes apparent in situations where
not all gullies of a watershed can be treated. Gullies with the small-
est gradieni and largest depth, and highest possible fence-type dams
should be chiusen if other aspects, such as access or aesthetic value,
are not dominant.

OTHER GULLY CONTROL STRUCTURES AND SYSTEMS

Nonporous Check Dams

Rack can be used for the construction of wet masonry dams, Lim-
jtations in available masonry skills, however, may not permit this ap-
proach. A prefabricated concrete dam was designed and a prototype
installed in Colorado. It required very little time and no special
skills for installation. The capital investment for this dam is larger
than for a rock structure, however. A prestressad concrete manufacturer
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must be available reasonably close to the project area and the
construction sites must be accessible to motorized equipment. Where
aesthetic considerations and land values are high (recreational sites
and parks, for cxample), a prestressed, prefabricated concrete check dam
may he the answer.

Check dams may also be built from corrugated sheet steel. For
successful application, a pile driver is required to assure proper fit
of the sheets. Excavating trenches for the sheets jeopardizes dam
stability if the refill is not compacted sufficiently. Quite often, in-
sufficient depth of soil above the bedrock does not permit this dam type.

Earth Check Dams

Farth check dams should be used for gully contrcl only in ex-
ceptional cases. Basically, it was the failure of the construction
material, soil (in combination with concentrated surface runoff), that
caused the qully. Gullies with very little flow may be an exception if
the emergency spillway safely releases the flow onto the lanc outside
the qully. The released flow should not concentrate, but should spread
out on an area stabilized by an effective vegetation cover or by some
other type of protection such as a gravel field. Most gullied water-
sheds do not support areas for safe water dischuarge.

Standpipes or culverts in earth check dams generally create
problems, because of the danger of clogging the pipe or culvert inlet,
and the difficulty in estimaving peak flows. Therefore, additional
spillways are required.

If soil is the only dam material available, additional watershed
restoratiun .easures (such as vegetation cover improvement work and con-
tour trenches) should be installed to improve soil infiltration rates,
to enhance water retention and storage, and thus to decrease magnitude
and peak of qully flows.

Vegetation-Lined Waterways

With the exception of earth check dams, gully control measures
described previously treat the flow where it is--in the gully. In con-
trast, treatments by waterways take the water out of the gully by chang-
ing the topography. Check dams and waterways both modify the -egime
of the flow by decreasing the erosive forces of the flow to a .evel that
permits vegetation to grow. In waterways, howcver, flow is modified
compared with the ciiginal gully, in two ways: Jlengthening the water-
course, resulting in a gentler bed gradient; and widening the cross
section of flow, providing very gentle channel side slopes. This latter
measure leads to shallow flows with a large wetted perimeter (increase
in roughness parameter). Both measures substantially decrease t1ow
velocities, which in turn decrease the erosive forces.



Contrasted with check dam control, waterway projects strive to
establish a veagetative cover when land reshaping is finisned. Indeed, a
quick establistinent of an effective vegetaticon lining i< the key to suc-
cessful waterways. 1t follows that the prime requisites for a successful
application are precipitacion, temperacure, and fertility of soils, all
favorabie to plant growth, QOther yequisites are:

(1) Size of aully shoulu not be Targer than the available fila
volumes:

(z) Width ot valley bottom must be sufficient for the placement of
a waterwey with greater length than that of the qully;

(3) Depth of s0il mantle must be adequate to permit shaping of the
topography; and

(4) Depth of topsoil must be sufficient to permit later spreading on
all disturbed areas.

Design criteria or prerequisites in terms of hydraulic geometry
are not yet available.

Vegetation-Tlined waterways require exact construction (therefore,
close construction <upervision) and frequent inspections during the first
treatment years. The risk, inherent to nearly all types of erosion con-
trol work, is qreater for waterways at the beginning of treatment than
for check dam systens.  To offset this risk, in Colorado, 19 percent of
the original coni of installation was expended for maintenance, while
for the same period of time, only 4 percent was required at check dams.

Eight percent Tess funds were expended per Tinear meter of gully
for constructivn and maintenance of grassced waterways than for check
dams. This cost difference is not significant, especially if the great-
er involverent in waterway maintenance is recognized, In deciding on
the type of guliy control, one should consider not only construction
costs but also risk of the prerequisites for vegetation-lined waterways.

SUMMARY OF DESIGN CRITERIA AND RECOMMENDATIONS

Spacing decrcases with increasing qully gradient and increases
with effective cam height. Number of check dams increases with qully
gradient and decreases with increasing effective dam height. Expected
volumes of sediment deposits increase with effective height.

For practical purposes, qully gradients ranging from 1 to 30 per-
cent do not influence volumes of sediment deposits in a treatment. On
gradients Targer than 30 percent, sediment catch decreaces more dis-
tinctly with increcasing gradient.

Rock voiume requirements are much larger for loose-rock and
wire-bound loose-rock dams than for fence-type dams. At effective dam
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heights larger than 0.6 meter, treatments with double-fence dams require
the smallest amounts of rock.

At effective dam heights larger than about 0.5 meter, loose-rock
and wire-bound loosc-rock dams are more expensive than fence-type doms.
The difference in cost increases with height. Single-fence dams are
less expensive than double-fence dams at effective heights up to 1.0
meter.

Regardless of gradient, in a given gully, there is one effective
dam hcight for each type of structure at which the cost of treatment is
Towest (Figure 6). For each type of treatment, rock requivrements are
smallest at the optimum effective dam heights for least costs (Figure 6).
The sediment-cost ratio (the value of cxpected sediment deposite divided
by the cost of treatment) increases with effective dam height and de-
creases with increasing aully gradient. At effective dam heights of
about 0.6 meter and larqger, single-fence dams have a more pronounced
beneficial sediment-cost ratio than loosc-rock or wire-bound loose-rock
dams. At effective dam heights of 1.1 meters and larger, treatments
with double-fence dams have the largest sediment-cost ratios.
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CHAPTER VIII

WATER QUALITY

TNTRODUCTION

The hydrologic cycle depicts the movement of water through a
forest ecosystem. Water flow 1s a major component of the environment,
linking together the atmospheric, soil, biotic and stream compartments
of the system. Since water is the carrier of materials and encrgy be-
tween the atmospheric and terrestrial portion of the system and the
stream, an understanding of the processes which affect water quality in
forest streams has as its basis an understanding of the hvdrologic pro-
cess.

DISSOLVED CHEMICAL CONSTITUENTS

To understand various impacts, one must realize that forest
streams are not :eparate and distinct from the area they drain, but are
an integral part of the ecosystem. As watar comes into contact with
each part of the system, the chemical characteristics adiust according-
ly. Chemical reactions and physical processes occur as the water con-
tacts the atmosphere, soil and binta. [t is these processes and the
condition of each compartment that determine the amount and kind of
chemical species in solution.

The major sources of dissolved constituents in water draining
upland watersheds are: geologic weathering of parent rock, meteorolog-
ical inputs, and biological inputs. Chemical and physical weathering
converts rock minerals into soluble or transportable form. Dissolved
matter, including organic compounds and mineral ions; Are added to the
forest ecosystem in precipitation. dust, and other aerosols. The bio-
Togical 1inputs are mainly materials gathered elsewhere and deposited in
the forest by animals (including man) and the photosynthetic production
of organic material from inorganic substances, follow:d by the subse-
quent breakdown of the organic back to the inorganic compounds.
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In undisturbed ecosystems, the rock substrate and soil generally
control the reiative concentrations of metallic ions (cations such as
Cat, Mg++, kKt and Mat), while the retationship of hielegical and bio-
chemical processes in the soil to precipitation rarely governs the
anionic (HCO4™, N0~ and POg™) yield. Anions, such as chioride (C1-),
nitrate (NO:-), and sulfate ?504:), at least in the absence of abundant
sulfide minerals, originate from the atmosphere; the output of these
ions is requlated by soil processes.

Although appreciable quantities of nitrogen, sulfur, and ocher
elements are often found in precipitation and in dust and dry fallout
between rains, the soil under natura® foresc conditions is considered
the greatest contributor of dissolved elements to runoff. Other compo-
nents of the ecosysten (biologic, atmospheric, rock substrate), through
their influence on soil processes and properties, play an importfant
role in determining the chemistry of outfiow.

Such dissolved compounds can leave a system by water transport
over and through the soil or forest floor to either groundwater or sur-
face fiow.

The above processes are often lumpea under the term nutrient
cycling, which consists of inputs, outputs and the movement or dissolved
solids within the system. This is chiefly concerned with outputs, that
is, the strecamilow from upland basins and the various factors influenc-
ing the chemical components in this runoff.

The movement of water through the soil, along with biological
activity, controls the ionic composition of water Teavina upland water-
sheds as strecamflow. The most chemically active componcnts of a forest
soil are the clay and organic colloids. Soil colloids have a large
capacity to exchange ions in solution fz. those ads.-bed on their sur-
faces. Clays have high exchange capacities compare~ with most other
minerals because of their large surface area per unit volume and their
negative electrical charge.

A simplified picture of the exchange process would be that
cations absorbed on soil colloids are selectively exchanged for hydro-
gen ions from the soil water. The hydrogen ions come principally from
the solution of carbon dioxide in water and disscciation of the result-
ing H,CO; molecule into a hydrogen ion and bicarbonate ion. The dis-
solved carbon dioxide originates chiefly in the metabolism of
microorganisms and plant roots in the soil. Based on the above assump-
tions, only the water remaining for some timc in interstices between
soil particles is likely to pick up an appreciable Tcad of dissolved
carbon dioxide and consequently be effective in leaching mineral ions.

Studies have shown that the ionic concentrations and their re-
lationships to discharge are quite variable. For example, a direct
relationship exists between H¥, NO3~ concentrations and discharge, but
no relationship between discharge and the concentrations of Mg*t, ca**,
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SO,~, and KT has been found in streams on an experimental forest in New
Hampshire. Elsewhere, individual cation concentrations, when considered
throughout the year, appeared to be independent of discharge vate on
four experimental watersheds in the Appalacian mountains of Lhe castern
United States.  An dnverse relationship to cation concenirvations and
discharge of welected <treams has been veparted in the Rocky Mountains.
Aso, an inverse relationship between ion concentyations and discharqge
was observed from o stream in Calitornia.  In Targe stieams, aoneral
ionic concentrations are commonly lower at times of high flow than at
low flow due to the Tong residence time of water in the soil during the
dry weather, which gives more opportunity for chemical reactions.

Land management npractices can significantly inilucnce ionic bal-
ances.  Lor example, it the cation-anion balance of the soil solution
is changed temporarily by the addition or subtraction of an ionic spe-
cies due to Toyging or fire, the equilibrium is restored by an equiva-
Tent change in the concentrations of oppositely charged ions.

Once water has reached an effluent stream, it is often consid-
ered to consisl of a base flow fraction made up of ground water that
infiltrates into the channel and a direct runoff fraction, which in
turn enters the drainage system during and soon after nrecipitation
periods.  The divect runoft presumably has no residence time in the
qround water reservoiv and only o <hort contact with soil or vegetation.
As mentioned earlier, reactions in the soil zone are commonly extensive
encugh that the direct runoff has a considerably higher dissolved-
solids content than the original rain or snow. Sometimes, the base
flow has a <till greater dissolved load. Based on the assumptions out-
Tined above, the wolute concentration of -~iver water would be inversely
refated to flow rate. This would not necessarily be the case if the
stream were influent with base flow nonexistent.

Other netural factors in the stream itself that influence ionic
composition include: reactions of water with mineral solids in the
streambed and in suspension, reactions among solutes, losses by evapor-
ation and by transpiration from plants growing in and near the stream,
and effects of organic matter and aquatic organisms. This latter set
of natural factors results in fluctuations of composition that bear
little relation to discharge rates.

Chemical equilibria probably control a few properties of water
in flowing strecams. For example, the ion-exchange reactions of solutes
with suspended sediment probably are rapid enough that they usually are
at equilibrium.  Certain oxidations, such as ferrous to ferric ion, also
normally ceach equilibrium.  For biological processes such as the util-
Pzation and production of carbon dioxide and oxyqgen, the equilibrium
approach is not necessarily appropriate.  Tf the stream is to be con-
sidered a dynamic system, which it is, kinetics would better describe
Tts chemistry vather than using a steady-state equilibrium approach.

For example, the processes whereby biologica organisms consume organic
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loads of the stream can often be better studied and understood by
applying rates of reactions and processes.

When a torest is harvested (especially clearcut), trees no
longer take up nutvients and the nonmerchantable parts of trees increase
forest litter. The removal of the forest canopy changes the microcli-
mate, making it warmer and reducing evapotranspiration, resulting in an
increased soil water content. This increased temperature and water
content of the soil accelerates the activity of microorganisms that
break down organic matter. The greatly increased respiration of these
organisms raises the carbon dioxide partial pressure of the soil atmo-
sphere, which in turn increases the bicarbonate anion level and leaching
Toss of cations from the system. Nitrogen losses as nitrate may aiso
occur, when it is produced by the oxidation of organic matter (nitrifi-
cation) and not utiltized by the forest vegetation which has been removed.

Recent studies throughout the United States do show that follow-
ing clearcutting, there is an increased loss of nutrients (cations and
nitrate) from the logged area along with an increased runoff volume.
This increased jonic loss along with increased runoff would possibly
tend to give concentrations of ions a less noticeable increase, but
total Tesses should be quite outstanding.

Studies have al<o shown that slash burning following logging
produces an even greater increase in the release of jons from the forest
floor Titter and mineral soil. This increase in the release of ions is
due to the breakdown of the organic debris to a soluble form, making it
easily removed from the soil by leaching water. Generally, this process
can lead to an increase in the total loss of nutrients in streamflow.
However, the above may not always happen. [or example, a moderately
sevore Tire in a conifer stand had no specific effect on the concentra-
tions of Catt, Mgtt, Nat, K*, or HG3~ in the stream. Tt was postulated
in this study that ash constituents were dissolved by light rainfall
and leached into the permeable forest soil before the first snow. Be-
cause of the acidic nature of the soil, the dissolved cations were
absorbed on the exchange complex instead of being washed dirvectly into
the stream. Of course, rains of high intensity tfcllowing a severe fire
could move large quantities of soluble ash compound into flowing streams.
As the forest regenerates following a perturbation, the dissolved load
of the stream also returns to levels experienced hefore the disturbance.

In summary, the dissolved load of streams after various forest
activities, such as clearcutting or burning, is a function of the sev-
aral soil, vegetative and climatic churacteristics that describe a
forest ecosystem. Soil characteristics, such as porosity and texture,
determine the pathway and rate of water movement in or over soil, soil
erodibility, and how strongly nutrients will be held within the soil
matrix. Vegetative characteristics, such as species composition, in-
fluence the rate of nutrient uptake. The rate of revegetation controls
the rapidity with which recycling begins after system disruption. The
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Teaching rate is influenced by form, chemistry, amount and intensity of
precipitation. Generalization of effects of forest management in wide-
ly differing upland ccosystems is precluded by the intricate interac-
tion among these many variables.

SUSPENDED SEDIMENT

In some instances, undisturbed upland watersheds generally have
Tow suspended sediment concentrations (10 to 20 ppm average concentra-
tion). Higher concentrations are often the result of a perturbation to
the drainage arca such as roads, logging, or natural catastrophes which
can cause accelerated erosion,

trosion of soils produces sediment in waters draining forest
Tands. Three major erosion processes are of concern:  surface erosion,
mass soil movemeont, and charmel orvosion.  Surface erosiocn is the direct
result of vain striking unprotected soil surfaces. Soil particles are
detached and transported by cverlond flow acress the soil surface.
This process 1s relatively nonexisient in the nondisturbed, well pro-
tected forest tloor which has ahigh infiltration vate. Accelerated
erosion can be expected in cases where the protective forest floor 1it-
ter has been removed exposing mineral soil along with soil compaction.

Mass scil movement is the process by which large volumes of
soil and rock materials movc downslope under the influence of gravity.
This movement 1is usually prevalent in areas where the geologic sub-
strate is naturally vnstable.

Channel erosion is the result of abrasion by water or debris on
the stream bank and bed. This erosion process can contribute heavily
to suspended sediment. It was found, for instance, that 25 percent of
the sediment yields 1n the western United States could be attributed
to 1oqq1nq activity, 25 percent to agriculture and 50 percent to bank
cutting in the main river.

In general, increased velocity of streamflow will give an in-
creased concentration of suspended sediment. Also, any practice that
reduces the stability of the streambank or other watershed surfaces
will cause suspended sediment to increase.

Roads and road building are considered to be the principle
sources of suspended sediment. Studies and observations have shown
thot as much as 90 percent of the sediment produced from timber sale
areas 1in the northern regions of the United States comes from roads.

There have been numerous studies relating forestry activities
to accelerated erosion and sedimentation. Genevally, it has been
found that watershed damage from felling, limbing and bucking of trees
during timber harvesting is prcbably negligible,
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Skidding and yarding activities can cause accelerated erosion;
however, the great variety of techniques and machines used in this oper-
ation provide alternatives for minimizing damage on many sites. A major
rule here is: the less compacting and disturbing the contact with the
forest floor, the less watershed damage will result from skidding and
yarding.

Balloon logging probably results in the least compaction and
disturbance because the logs are transported free in the air over most
of the cut area. Grapple and yarding systens are intermediate between
skyline and high lead, as they combine features of each. The most de-
structive technique of all is tractor logging.

Harvest areas on upland watersheds are subject to erosion until
new vegetative cocver 1is established, since it is the exposed mineral
<0il that is a major source of suspended sediment. Furthermore, vary-
ing degrees of damage to the forest floor result from the several com-
binations of harvesting and log transport systems.

In a study, clearcutting and removal of trees by the balloon
system resulted in the lowest s0il sediment deposited in streams and
had the smallest exposure of bare soil. Clearcutting by tractor, as
expected, exposed the most mineral soil (over 30 percent).

Once an area is loqged, slash is frequently eliminated by con-
trolled burning. Intense fires often lead to accelerated erosion.
Extremely hot fires consume vegetation, litter and duff materials and
leave the soil unprotected. Such fires mnay also reduce the organic
content of the soil and alter the stability of surface soil aggregates.
Infiltration ratas are often reduced and surface runoff can be in-
creased by the production of a nonwettable surface layer. Controlled
burns are usually not intense enough to cause erosion problems.

Fire can also be a contributor to accelerated mass wasting,
due largely to the destruction of the natural mechanical supports of
<0ils. In the western United States, logging and burning produced
increases in mass soil movements due to the loss of mechanical support
of the root systems of trees and plants. Many other studies support
the relationship of fire, logging and road building to accelerated
mass movements and resulting stream sedimentation.

BACTERIOLOGICAL QUALITY

Quite often, bacteriological indicators are employed to gain
knowledge of the biological quality of streamflow. An estimate of
these organisms is a relatively simple, fast and inexpensive index of
pollution, especially when the membrane filter technique is used.
Knowledge of cycles and variability of bacteria in natural waters and
the relationships of bacteria to physical environmental factors is
sparse.
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There have been some siudies of relatively undisturbed
watersheds describing bacteria-environment relationships.

Seasonal coliform trends have been studied and evidence of rela-
tionships between coliform counts and certain physical environmental
factors (streamflow and air temperature) have been found. Great in-
creases in 109ging and stream turbidity cver a period of years did not
affect coliform densities, but it should be noted that the logging was
on municipal watersheds and disturbance was probably minimal.

An assessment of the causes of variation in bacterial numbers
of a small, unpolluted stream in the Rocky Mountains of the United
States indicated that the most important cause of bacteria population
fluctuations was summer rainstorms of short duralion, producing over-
land flow. When streamflow is stable during periods of no precipitation,
bacterial nunbers can be related to the size of the water-streambed
contact surface. As streamflow increases after precipitation, bacteria
are deposited in the ground water associated with the stream and are
later released into the stream as it recedes. Bacterial numbers fluc-
tuate during the winter even when temperatures are as low as 0° to
5.5"C. It has alsc been found that when cattle graze in marshy areas
adjacent to the stream, the bacterial density of the stream rises. The
bacteria counted were coliform and total bacteria.

In a measurement of bacterial groups in streamflow from mountain
watersheds in the Rocky Mountains of the western United States, total
coliform, fecal streptococcus, and fecal coliform bacterial groups were
closely related to the physical parameters of the stream, and they were
especially depencent on the "flushing effect" of runoff from snowmelt
and rain, summer storms, or irrigation. The seasonal trend for all
bacterial groups was similar: low counts prevailed while the water was
at 0°C; high counts appeared during rising and peak flows caused by
Jurz snowmelt and rain; a short "post-flush" decrease in bacterial
counts took place as the runoff receded in early July; high bacterial
counts were again found in the July-August period of warmer temperatures
and Tow flows; and counts declined in September.

Concerning evidence that the forest floor can act as a bacter-
ial filter, it has been found that snowmelt water that had percolated
through a strip of forest on the bank of a reservoir contained fewer
bacteria than water that had not passed through the forested strip.

The major sources of fluctuations in bacterial content (espe-
cially fecal coliform) that can lead to pollution levels in stream
water are concentrations of any warm blooded animals on the watershed
including man, livestock, or big game animals. If bacterial content
of stream water is to be kept below pollutional Tevels, strict atten-
tion must be given to all sources of potential contamination by Tiving
organisms.
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THERMAL QUALITY

Water temperature may or may not be critical to the survival of
the flora and fauna residing in a given stream. However, the composi-
tion of these communities will change when there is a change in stream
temperature. An elevation of the water temperature will cause increased
biological activity which will place a greater demand on the dissolved
oxygern in the stream. In addition, increased biological activity may
be detrimental to the health of the fauna and even replace existing
fish with warm water species. The population dynamics and the type,
quantity, and quality of the food of the fauna living within the stream
will alsc change with variations in water temperature.

Clearing the timber overstory adjacent to a stream is one way
the water tomperature will be increased. Removal of the trees increases
the area of the stream exposed to radiation from the sun. That in-
creased exposure is associated with a rise in temperature is Togically
predicted if one considers an energy budget of the water in a stream.

If the trees are removed from the banks of a stream having a certain
average temperature, the oniy change in the energy budget is an increase
in solar energy entering the system from the additioral area of illu-
minated stream surface. The temperature will rise as there are nc new
outlets of energy from the system. Increases in stream temperature may
range from fractions of a degree centigrade for a slight opening to

over ten degrees centigrade for a clearing of the watershed.

~ A mathematical model developed in the western United States

has been used to predict stream temperatures following modifications of
the vegetation shading the stream. This model states that the change
in stream temperature is a function of the surface area of the stream
exposed to direct solar radiation, the net solar radiation load of the
exposed water surface, and the discharge of the stream. The model is
operated using variables which describe the physical situation of a
stream with vegetation bordering it. For application to a specific
case, the existing exposed surface area of the stream, the stream dis-
charge, and the amount of incoming solar radiation is determined. The
density and thickness of the vegetative strip bordering the stream and
the height of the trees are used to compute the effective unshaded area
of the stream surface. The orientation of the stream, time of year,
and physiography of the site are required to determine the effective
radiation loading.

The model may be operated several times to determine the effects
of various methods of forest cutting on the stream temperature. Such
predictions of changes in stream temperature may also be used as input
to other models whose outputs are the amount of dissolved oxygen in the
stream or the impacts on plant and animal communities associated with
the water. Due to interrelationships of plants and animals, there may
be an effect in several populations due to a change in the stream tem-
perature. Changes in stream temperatures may have severe consequences
in certain ecosystems. Thus, one should examine possible effects and
choose appropriately before implementing a vegetative treatment.
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CHAPTER 1X

WATER HARVESTING

INTRODUCTION

Water harvesting systems may be defined as artificial methods
whereby precipitation can be collected and stored until it is benefi-
cially used. The system consists of a catchment, wnich is made more
impervious by artificial means than it was in its natural state, and a
storage facility for the harvested water.

The elements of the water harvesting system and the development
of modern techniques will be presented. In addition, various methods of

treating catchments and storing harvested water and the economics of
water harvesting systems will be discussed.

ELEMENTS OF WATER HARVESTING SYSTEM

Water Collection

There is no single method of treating catchments to increase run-
of f that is universally applicable. Each site must be individually
evaluated in order to determine the optimum treatment that will produce
water from a given site for a particular use.

In the design of a water harvesting system, numerous factors
must be considered. They include: the amount of runoff to be expected
from storms of various magnitudes, the ratio of runoff to precipitation
or runoff efficiency, and the effect of the selected treatment on the
quality of the water. The runoff efficiency is highly variable, depend-
ing upon storm intensity, the permeability of the surface of the water-
shed, the degree of saturation of soil of the watershed, «#=. Precip-
itation i1s a random variable; the selection of a particular treatment to
induce runoff and the size of the catchment should reflect the undertain-
ty of precipitation and runoff.
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For almost all treatments, there is a minimum threshold amount
of precipitation required to caturate the catchment surface; below this
amount, virtually no runoff occurs. However, once this threshoid has
been exceeded, tihc relationship between storm precipitation and runoff
will be essentially linear.

A catchment can be made more Tmpervious using the following
methods: land surface alteratior, chemical treatments, <oil cementation
treatments, and ground cover wodification. In land elteration, runoff
can be increasced by:  clearing and smoothing, shaping and compacting.

The two baoic tyver of chemical treatment are the use of water repellents
(such as silicones) and clay dispersants (such as sedium salts). Soil

comentation treatmints include the miving of asphalt, cement, resins
and polymers into the soil. Ground covers that have been used for cateh-
ment construction can be classified as: exposed menbranes (including

butyl, plastic and asphalt), covercd membranes, gencrally utilizing
gravel to cover plastic sheeting, reinforced cement-mortar coated plas-
tic, sheet metal, concrete, veinforced asphalt and asphalt planking.

Water Storage

Various methods of storage have been used with the above methods
of catchment construction. These methods include: above-ground tanks
and lined reservoirs.

The above-ground tanks have been constructed from: steel, rein-
forced concrete, metal grain bins with flexible liners, butyl bags, wire
reinforced stucco and railroad tank cars and other types of surplus
tanks.

The earth reservoirs have been sealed with various types of
membrane liners and by mechanical and chemical treatment. The membranes
that have been used include: plastic and butyl rubber sheeting, unrein-
forced and reinforced asphalt membranes, and reinforced cement-mortar
coated plastic. Mechanical and chemical trcatments include: mechanical
compaction with and without the use of a compacting agent such as
enzymes, clay dispersants which are also sometimes compacted, water
repellants, polymers such as 55-13, and betonite.

Evaporation and Seepage Control

Evaporation and seepage control are needed in order to success-
fully store harvested water. The methods used in achieving this control
are generally dependent on the <ize and function of the storage facility.
Frequently, the same materials are used for both the catchment and the
reservoir because seepage control and runoff inducement must both func-
tion so as to reduce the entry of water into the soil. Like the catch-
ment, the size of the reservoir must anticipate the precipitation and
runoff variability of the particular site. In some instances,
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evaporation has been controlled by use of chemicals such as long chain
alcohols, by use of floating and suspended covers of butyl rubber and
plastic sheeting on small tarks, and by completely filling the tank with
rock.

DEVELOPHeNT OF MODERKN WATER HARVESTING TECHNIQUES

Since the 1950s, the technology of water harvesting has developed
variety and sophistication. In Australia, "roaded" catchments, based
upon the concept of compacted earth, were constructed over thousands of
hectares n order to collect water for agricultural purposes. 1n a roaded
catchirent, wne soil is graded into a series of parallel ridges, having
gentie siopes tnat permit water flow into the ditches that separate them.
The ditches then channel the water to storage areas, or the water nay
bhe used dirvectly at the site,

In ike United States, catchments were byilt in the 1950's out of
sheet wetal for watering tivestock. Aise during this period, expevimenta-
Fion was undeviaren witn plastic and artificial rubber membranes, for
the construction of both catchments and of resevveirs.  Since then,
butyl rubber catchments have been in<talled in many aveas. More than
300 catchmernts in the state of Hawaili have been constructed of this
material.

ik
{

A number of experiments have been attempted on Indian reservations
in the western United States. Not all the techniques have been successful,
but some have worked well. One catchment at Shongopovi, on the Hopi
reservation, has provided supplemental domestic water since the early
1930"s; this catchment was constructed with very tittie disruption of
the natural topoqgraphy. On the Navajo reservation, butyl rubber catch-
nents and storaye bags are successfully used by stockmen. A concrete
catchment 1s being constructed on coal mine spoils on the Black Mesa to
test the feasibility of water harvesting for agricultural purposes on
the spoils.

In 1961, waterproofing the soil itself to serve as a catchment
structure was attempted. Materials that imparted hydrophobic properties
to the soil, thus decrcasing its permeability to water were tested.

These materials included sprayable asphaltic compounds, plastic and
metal films bonded to the soil, soil compaction and dispersion, and field
fabricated asphalt and fiberglass membranes.

Water harvesting techniques far the growing of shrubs on coal
strip mine s0ils in New Mexico have been explored. It was found that
treatiment of the ground with pararfin increased water runoff and the
growth of two month old salthbush and Siberian peashrub transplants; the
soil moisture content of treated plots was increased by about twenty per-
cent,

There is considerable variation in the cost longevity and
efficiency of the above methods of catchment and storage construction.



These systems would need to be evaluated for each site in order to select
the best system. Some of the systems to be discussed in the Tollowing
section have been developed and/or tested at the University of Arizona

in the United States over the past fiftecn years., In neneral. these
systems are amonyg the most economical of those mentioned above.  These
water harvesting systems were designed to: provide a dependable supply
of stock water, provide a hig. quality water for domestic and industrial
supplies, and extend agriculture into lands presently urcultivated due to
lack of water.

WATER HARVESTING CATCHMENTS TESTED AT THE UNIVERSITY OF ARTZONA

Some of the more economical materials mentioned in earlier sections
of this chapter have been tested in the Water Harvesting Program at the
University of Arizona; the most expensive inaterials, such as sheet metal,
concrete, asphalt panels and asphaltic pavements, were not tested. The
results from small plots using expcsed unreinforced asphalt menbranes
have shown that, although relatively inexpensive, this method is undesir-
able due to cracking caused by oxidation, plant germinaition and swelling
and shrinking of the soil subgrade. Based on the results of small plot
tests, economics and experience of other researchers, large scale testing
at the University of Arizona has been limited to the following treatments:
compacted earth, sodium, gravel covered plastic and reinforeccd chip-
coated asphalt catchments. A discussion of these catchments follows.
(Notc: Al cost estimetions presented {n the following coction are in
1978 U5, dollarve, and wilcss otherwlce noted, arve based won construction
methods used Tn Avisona., )

Compacted Earth Catchments (CE)

The Public Works Department of Western Australia initiated in

1948 a program of construction of Roaded Catchments. These catchments
consisted of clearing, shaping and contouring to control length and de-
gree of slope and compacting with the aid of pneumatic rollers. An es-
timated 2500 roaded catchments have been installed principally to supply
water for livestock use. These averaged approximately 1 hectare in size.
There are also 21 roaded catchments totalling 706 hectares and ranging

in size from 12 1 to 70.8 hectares presently being used to furnish domes-
tic water for small towns in Western Australia.

This relatively large scale use in Australia of the compacted
earth catchment attests to their utility. A 0.4 hectare compacted earth
catchment was constructed in the spring of 1970 at Atterbury Experimental
Watershed located near Tucson, Arizona, USA. A design similar to those
in Australia was used. Two 121.9 meter Tong drains spaced 15.2 meters
apart collected water from 7.6 meter long slopes. The drainage channels
were covered with plastic and gravel to prevent erosion and water loss.
The catchment was shaped by a grader following a 1.27 centimeter rainfall.
The plot was then smoothed using a tractor-drawn rotary rock rake. This
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proved to be an excellent method of smoothing. Following an additional
1.27 centimeters of precipitation, the plot was compacted using a 23.6
netrric ton vibratory dram roller. The drainage channels were also Tined
at this time.  Tne total cost of the catchment was approximately $250
including wage- ac 53,50 per hour.  The cost would be more i7 the catch-
ment site wore nove remofe, uniese several catchments were instalied at
one ticie.  For darge catchments, the cost should be lese than $370.60
pery noctare, the cost beiny prinarily dependent on the cost of clearing
and shaping,  ine wmocining and compaction costs on a large piot would
be relatively Tow.,  There has been little maintenance since the plot was
installed. FMaintenance would consist primarily of weed control. If
care were takern ot Lo distucb the surface while controlling weeds, the
road surface sheuld fmprove with age.

Nuring the ITd-nontn project period, a total rainfall of 50.11
centineters occureced,  The compacted nlot yielded 17.63 centimeters or
U3 percent of tne total vainfall. This represented an increase of
[7.34 centimeters over the waler yield from a control plot. The amount
ol precipitebion reguived to inmitiate runoff was about 0.51 centimeter

Ascuming o Tife of 20 years, an interest rate or six percent,
and an cfficiency of 35 percent in a 30.43 centimeter vainfall area, the
cost of water harvvested from the compacted plot would be approximately
50.48 per cubic meter., This price does not include weed control costs.
Lconomy of scale would reduce this cost even further on larger catchments.

Sodiun Treated Catchments

Results from previous research indicate that small amounts of
sodium, wnen applied to the surface of desert soils where there is
Tttle or no vegetation, will cause a dramatic reducti 1 in infiltration
rate.  The effect, however, has been Tound to be tempe. .ry. Sodium does
cause a clay migretion Trom the surface. Clay Tenses have been created
in the laboratory and the Tield throuyh the use of a relatively heavy
treatment of sodiun coloride.  These clay lenses have been found to be
migratory in the sandy loam soil (clay content = 11 percent) at Atterbury
Experinental Watershed. When the terses are close to the surface, they
have a large effect on runoff. A the lenses move down in the soil pro-
file, the effect becomes negligible.

fhe application of a rvelatively Tight treatment of sodium to a
grass-covered <oil does not result in a significant change in infiltra-
tion rate.  The nsadintenance of a grass cover seems to be incompatible
with the use of a light trcatment of sodium chloride to increase runoff.

Fesults nave indicated that sodium chloride can be used in in-
creasing cunoif where the soil s bare. Periodic disking and smoothing
of the soil surface may be needed along with retreatment of sodium
chloride in order to maintain a low infiltration rate. The disking may
also be required to return the clays to the surface. This method of
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treatment would require shaped catchment areas to minimize the length
and degree of slopes so that erosion would not be excessive.

Pe:haps the most effective use of sodium chloride is in conjunc-
tion with the compacted earth catchment. The sodium not only renders
the catchuent more impervious but is an effective way to control weeds.
Weeds are the major maintenance problem in compacted carth catchments.
The Compacted-Earth Sodium-Treated (CEST) Catchment has been field
tested on a 0.4 hectare site at Page Lxperimental Ranch in Arizona. The
catchment was prepared in the spring of 1071 in the same way as the CE
Catchment at Atterbury Experimental Watershed. After shaping, the plot
was rototilled to destroy soil structure. Four and one half metric
tons of granulated salt were then added using a fertilizer spreader.

The granulated salt was mixed 1nto the upper 5 centimeters of soil and
the s0il surface smoothed using the rotating tractor-drawn rock rake.
Following a 1.01 centimeter rainfall, the catchment was compacted with a
drum roller. The total cost of the CEST Catchment was approximately
$450. This catchment was constructed to serve a dual purpose. Grapes
and deciduous fruit trees have been planted in the drainageways. MWater
ic ctored both in the soil and in a 56,850,000 liter storage tank where
it is available for use during dry periods. Thus, the catchment can pro-
duce both food and water. This type of <ual system should be more
acceptable to the general public than bare catchment areas. The effi-
ciency of this system nealecting soil-stored water has been grcater than
50 percent of the total rainfall.

Gravel Covered Plastic (GCP)

The use of exposed plastic for water harvesting has been un-
successful due to ultra-violet induced oxidation, wind, and mechanical
damage. The use of gravel protects the plastic from sunlight and wind.
Gravel covered plastic catchments were first installed at the University
of Arizona in December of 1965. The 0.015 millimeter polyethylene plas-
tic in early installations is still in excellent shape.

In order to reduce costs of the gravel covered plastic catchment,
two different types of automated installation were developed. One type
was a plastic laying gravel chute that fits on the back of a dump truck.
By means of the chute, plastic could be laid down and covered in one
installation.

A more controlled method of instaliation of GCP catchments can
be attained through the use of a modified self-propelled chip spreader.
Where specialized gravel spreading equipment is not available, the
catchment has been installed at a rate of 185.8 square meters per hour
using a front-end loader and a crew of five.

Large areas of the world have sufficient gravel in the upper soil
profile to cover the plastic. Because of this, a machine was developed
that would extract the gravel from the soil, lay plastic and cover the
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plastic with the extracted rock., Considerable research effort was ex-
pended in the successful testing of this type of machine which was
called the Gravel [xtracting Soil Sifter (GESS).

Aocatchuent o properly constrocted 1f the plastic is covered
with the winicun <ize and deprh of gravel needed to provide a complete
cover and resist erosion (Figure 7). On a 10 percent slope 30.48 meters
long, a 1.27 contimeter cover of 0.48 to 0.95 centimerer gravel will
withstand a 45.7 coentimeter per hour intensity rainfall. In contrast
with the CE and CLST catchments, tha GCP Catchment produces sediment
free water. & primary consideration in domestic supplies. The cost
depends on the siethod of installation. In general, it would be approx-
tmately $7475% per hectare for large catchments installed with an improved
version of tie GESY using 0.0254 millineter polyethylene plastic. The
use of dmported gravel would increase the cost to over $3713 per hectare.
The projected 1ife of ¢ properly constructed and maintained GCP catchmnent
is twenty-five vears. With a 70 percent efficiency and a 6 percent
amortization rate, the cost of water would be 0.08% per cubic meter in a
30.48 centimeter rainfall zone,

Chip-coated Reinforced-asphalt Catchments

Another type of catchment is the fiberglass reinforced asphalt
catchment. Several of these catchments have been field tested in Arizona.
Work at the University of Arizona in the area of reinforced asphalt catch-
ments have centered around the use of plastic, both polyethylene and
polypropylene . as the reinforcement material. The treatment consists of
d prime coat of emulsified asphalt followed by a layer of 0.0102 milli-
meter polyethyicne sheeting or polypropylene matting, which is then
immediately covered with a top coat of emulsified asphalt and 0.32 to
0.48 centimeter chips.  This Asphalt-Plastic Asphalt-Chip coated (APAC)
catchwent has many good features. 1t requires approximately one third
the amount of gravel as a GCP Calchment. The treatment should work on
any soil type since the plastic reinfercement prevents cracking. Treat-
ment can be completed at one time. No curing time is reeded during
construction. The plastic should last at least 25 to 30 years if the
catchment is properly maintained. Retreatment would be made by sweeping
loose chips from the surfece and laying down a new asphalt and chip pro-
tective coating. Based on the use of similar treatments in the rooting
industry, retreatment would probably be needed every 10 to 15 years.
Results from small plots indicate the catchment will cost at least twire
as much as the GCP Catchment but will have an efficiercy of 90 to 95
percent. This treatment has sufficient merit; large scale testing is
planned.

WATER STORAGE METHODS COMPATTBLE WITH WATER HARVESTING

In general, the water storage techniques tested at the University
of Arizona have been related to stock water supplies and consequently are
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limited in size. The basic treatment would alse be suitable for larger
reservoirs, with the possible exception of the rock-filled tank or those
tanks utilizing the suspended cover for evaporation contirol. The seep-
age and eveporation control methods outlined here can alsa be used on
existing or new reservoirs that are filled from other sources of water.

Plastic-lined Rock-Tilled Reservoir

The construction of this tank was prompted by the availability of
comnercial rock pickers which make the collection of rock for small tanks
economical. Although decreasing storage by over 50 percent, the rock
greatly reduces evaporation loss and practically eliminates any chance
of mechanical damage ncluding vandalisn.

The tank 15 first excavated, then the surface is raked smooth.
Two or three lavers of §G.0254 millimeter polyethylene plastic is then
latd down and covered with used rubber tires. The tires are filled with
silty clay cover material to reduce the significance of any holes that
may inadvertently occur in the plastic. The tires protect the plastic
Hner as vocks are added to the tank. In the United States, used rubber
tires can be easily obtained at no cost. In areas where used tires are
ditficult to odbtain, a 30.43 to 45.72 centimeter layer of soil on slopes
Tess than 1:3 or a reinforced coat of cement-mortar could be used on
the tank to protect the plastic. Three rock-filled tanks have been con-
structed 1 Arizona using a rotary drum comnercial rock picker in areas
containing sufiicient rock to make the system cconomical. The cost is
dependent upon the site and method of collection of the rock. The tanks
were constructed for a cost of approximately %2300 for 94.6 cubic meters
net storage with $7600 expended for the filling of the tank with rock.
A reel-tvpe rock picker was tested in connection with the construction
of the above tanks. These tests indicated that the use of this type of
picker should reduce costs by 50 percent.

Plastic-lTined Concrete-coated or Earth-covered

The various methods of seepage contrcl were outlined in the intro-
duction. Plastic Tining, if properly covered, offers a positive method
of seepage control that is very competitive with other methods. Tests
have indicated that a layer of silty soil, or a 1.90 centimeter layer
of wire mesh reinforced cement-mortar will greatly reduce the seepage
toss throush holes that may inadvertently be placed in the plastic
liner.  The reinforced mortar coating is placed directly on the plastic
and has proven to be an e.fective cover to use on steep slopes. This
coating may either be placed using gunnite equipment or can be hand
plastered. The cost of this cover is less than $2.15 per square meter.

In-order to reduce the cost of installation on larger reservoirs,
the same equipment. developed for laying graveled plastic catchments can
be used for laying and covering of plastic liners with soil. On smaller
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tanks, of the size used for stock purposes, the soil covering is generally
installed using hand labor. The economy and strength of a reinforced
mortar covered plastic tank makes it practical to construct a walk-through
cattle trough that is directly connected to the tank. This desiqn avoids
the need for a float valve which is subject to malfunction and vandalism.
The use of the mortar covering aiso makes it possible to run water direct-
ly from the catchient into the tank, thus avoiding any chance of stoppage.

A Coupled-Expanded Polystyrene Asphalt-Chipcoated (CEPAC) Raft
can be used for evaporation controi. This system, first tested in the
spring of 1972, is essentially 100 percent effective in preventing evap-
oration loss for the area covered. Any size of polystyrene sheets can
be coupled together. Those tested at the University of Arizona have
been primarily ¢.54 centimeters thick, 1.62 x 1.62 meter sheets. These
sheets are coated with emulsified asphalt and immediately covered with
0.16 to 0.32 centimeter chips, The sheets are coupled tocether using a
coupler made out of two short lengths of slotted 3.81 centimeter PVC
pipe. An outer trame of 3.17 centimeter PVC pipe filled with water pro-
vides a protective bumper for the rafts which have been constructed
up to 148.6 square meters. These rafts can be coupled together to cover
as large a bedv of water as desired. The cost of this system is less
than $1.07 per square meter,

A suspended cover of butyl or reinforced plastic would be

recomnended for smaller tanks used for domestic control in which it is
desirable to keep out foreign material or eliminate algae growth.

Sodium Treated Reservoirs

When there is sufficient clay in the soil and the incoming water
is higher in sodium than calcium, the use of sodium sait is the most
economical treatment for seepage control. A 567.8 cubic meter tank at
Page Ranch, constructed in connection with the salt treated catchment,
was sealed in 1971 with sodium chloride at the rate of 11.20 metric tons
per hectare. The seepage loss at the tank appears to be insignificant,
and due to the fact that the incoming water has more sodium than calcium,
the 1ife of the seal is indefinite. Evaporation is controlled through
the use of CEPAC Rafts.

DISCUSSION OF THE ECONOMICS OF WATER HARVESTING SYSTEMS

To determine the most feasible method of water harvesting, costs
and estimated 1ife of the catchments must be considered. In addition,
each site and potential wacer use should be examined in order to deter-
mine which catchment and method of storage to use.

The use of the CE and CEST Catchments are limited to areas where
soil conditions are favorable. Both the CE and CEST Catchments should
not be built where soils are difficult to compact. Tests to date have
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indicated that clay content should not be less than five nor greater
than 35 percent. Fer soils with the higher clay content, it would also
be important to have more sand than silt, otherwise erousion problems
would be unsolvabile.

Water produced from a CC or CEST Catchment contains considerable
sediment..  Tro the case of the CEST Catchment, this seaimwent is finely
dispersed and wili remwin in suspension.  Although <ali treated, the
water from a CLST Catchment has less than 500 parts per willion total
salinity and can Le used for most purposes including agriculture. Al-
though more expensive, the CEST Catchment is generaily preferred over
the CE Catchment since the sodium not only increascs the efficiency of
the catchment bui also serves as an herbicide which reduces maintenance
costs.

A sodium treated tank would probably be the best to use in con-
junction with a Ck or CEST Catchment. Periodic retreatment of the
tank may be necessary with a CE Catchment.

A graveled plastic catciment should be considered where gravel
15 econonrtcal Iy available, the soil condition is not suitable for a CE
or CEST Catchment, and/or a sediment-free water is desired. Generally,
a plastic-Tined reservoir would be used in conjunction with the GCP
Catchment. A vock filled tank should be considerced with the GCP Catch-
ment i1 there 1< cufficient rock in the area and vandalism is a problem.
Otherwise, a LEPAC raft covering would be recommended for evaporation
control, unless the water were to be used directly for domestic use.
In the Tatter case, a suspended cover would be recommended.

The APAC system would be used in areas where: s0il or gravel
conditions are such as to make the CE, CLST or GCP Catchments impractical,
and/or rainfall and/or storage considerations were such that a high
efficiency would be needed to maintain a firm water supply. In general,
the same type of storage system used for the GCP Catchment could be used
for the APAC system. The size of the storage reserveir could be reduced
due to the higher efficiency of the APAC system.

Although more research is needed, costs of installation of water
harvesting systens have been greatly reduced through application of modern
techniques and methods described in this paper. Water harvesting should
be considered whenever new water supplies for domestic and livestock use
in developing arid and semiarid lands are needed. If the cost is low
enough or the value of the crop is high enough, the water harvesting sys-
tems described in this paper can also be used to develop new agricultural
lands where water is presently unavailable.
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CHAPTER X

RESERVOIR MANAGEMENT

INTRODUCTION

Reservoirs are often an integral part of most watershed resources
management programs. Reservoirs can be used to store and release water
to enhance the general well being of people; they can help provide sus-
tained water supplies for irrigation, municipal and industrial use,
hydroelectric power generation, dillution of pollutants, and navigation,
or they may be used to reduce floods. In nearly all regions, stream-
fiow may be excessive during some seisons and insufficient in others.
Not only do water supplies vary with time, location, quantity, and qual-
ity; the demand for water is highly variable. In particular, regions
#ith well defined wet and dry seasons usually experience the greatest
demands for water at a time when supplies are the lowest. Reservoirs
can often provide the principle means of controlling and managing water
supplies for human needs downstream.

Although the focus of this syllabus has been watershed resources
management, it should be evident that such management must often be
coupled with reservoir management to achieve water resource goals. The
linkages among water resnurce goals, watershed management, and reservoir
operation are important (Table 1). In some instances, a reservoir must
be constructed in a basin to achieve water resource goals. For example,
some type of storage reservoir is needed to provide water supplies dur-
ing dry periods, regardless of watershed management activities. Water
yield can be increased in many areas by converting from deep rooted
(trees) to shallow rooted (grass) vegetation. However, without a reser-
voir, much of the increased water yield would likely flow from the area
during high runoff periods and would be unavailable when irrigation was
needed. Conversely, sound erosion control practices should accompany
any reservoir project to prevent the storage capacity from filling up
with sediment before the design 1ife of the project. Economics usually
dictate that sedimentation be controlled.
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Table 1. Watershed and reservoir management as they
resource management goals.

relate to several water

Water Resource
Management Goals

Watersned Management
Objectives/Activities

Reservoir Management
Objectives/Activities

Increase available
water supplies for
irrigation,
municiple, ete.

Reduce flood hazard.

Maintain surface
water supplies with
a high quality for
human consumption

or fisheries vesources.

Provide hydroelectric
power.

Manipulate vegetative cover to increase water
yield, {convert from deep rooted to shallcw
rcoted species on watershed)

Minimize/control erosion and sedimentation to
maintain storage space in reservoir for the
duration of design 1ife. Rehabilitate water-
sheds in poorly managed areas.

Maintain vegetation and soils in good condi-
tion through proper land managenent; maximize
infiltration and minimize surface runoff.
Rehabilitate where necessary.

Minimize sedimentation of channels to maintain
channel capacity.

Restrict or carefully manage land use activ-
ities conducive to production of sediments,
disease carrying organisms.

Maintain vegetation and soils in good condi-
tion. '

Rehabilitate watersheds where needed.

Manage watersheds to sustain life of reser-
voir project as above.

Provide stcrage to ac-
cemmodate increased
water yield and also to
provide firm yield for
demands .

Provide stcrage space
which can bLe used to
store runoff during
flooding. Store during
periods of high runoff
and release during dry
pericds

Regulate outflow to en-
hance desirable down-
stream water quality
characteristics (dis-
solved oxygen and tem-
perature}.

Maintain a dependable
storage with sufficient
head to generate enough
electricity to meet
demands

A%
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When floord control is a goal, watershed management practices
designed to maintain high infiltration rates and low surface runoff are
needed.  Such practices can affect the magnitude of the average annual
fload.  When extremely large storms occir of a less frequent nature,
studies have shown that the condition ot soils and vegetation have a min-
imal offect.  In such cases, a reservoii can provide considerably more
flood control.  Certain "people" management options are available, how-
ever, to veduce {lood hazard. {lood plain management {7..o., keeping
people and buildings out of flood hazard areas), offers a viable alter-
rative to reservoirs. Social and economic factors shouid be carefully
considered when evaluating such alternatives.

Social and =conomic problems are often associated with the con-
struction of veservoirs. Relocalion of people, Tloss of productive bot-
comlands, and adverse envivonmental impacts must be weighed against the
benefits of a reservoir. Planning for the sustained and wise use of the
henefits of reservoirs is essential if the benefits are not to become
Tiabilities. for example, a Tlooc control reservoir may lend a false
sense of security and create overdevelopment of the flood plain down-
stream.  Since no flood control reservoir is 100 percent effective, the
potential for {lood losses may be increased.

RESERVOTR OPERATION AND STORAGE

Once the need for a reservoir has been established, the following
questions must be answered: can more than one goal be achieved, that is,
should a multipurpose rather than a single-purpose reservoir be consid-
ered? Are the demands for storage with a mu1t1purposo project competitive
with respect to time? And what storage volume is required to meet de-
mands?

Reservoir Operation

Political and economic decisions usually dictate whether a single-
purpose oy multipurpose reservoir is to be constructed. The needs of a
region (including water supply, irrigation, electrical power, navigation,
and flood protection) should be considered. It is usually more economi-
calto construct a reservoir capable of meeting several requirements
rather than one. Also, it is wossible in many instances to meet more
than one demand with a fixcd stora; For example, a given volume of
storage may provide flood control during the rainy season, but that same
volume may provide water supply needs during the dry season. If hydro-
electric power is being generated, there may be constraints placed on the
operation of the reservoir pool to maintain the required head of water.

Sometimes the demands for water are competitive for the same time
period. Storage volumes in the reservoir must then be ailocated to meet
these competitive demands. Typically, this is accomplished by comparing
demands with storage volumes and partitioning total storage (Figure 1).
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This partitioning process involves both the determination of required
volumes, to be discussed later, and establishing operating rules to
specify how the reservoir is to be manaqed,

The eldevations of the various zones are used as quides for oper-
ation and van vary seasonally (Figure 2).  The flood control zone would
be evacunted of water of a tine corresponding to the flood season {in
this examplol b the end of Urtuhﬂr) The reservoir would then be kept
at the top of conservation space {bottom of flood control space) to pro-
vide sufficient storage to control flooding. The top of the flood con-
trol pool is used to maintein the integrity of the reservoir. Once the
pool cicvation rises gbove this level, as much flood water as possible
io released to vrevent the dam from co]]dp ing Once into Zone 1, the
resorviedr in operated Loorelease Lhe ria s bnum umvunt of water without
catsing flecding. Tleally, this would coincide with bank-Tuil conditions
downs tream. This operating rule would be in effoct until the end of the
flood season, Apeil in this example. During the dry season, part of the
tlond control onace is used for conservation storage (Zone 2). A system
Gi o priovitices pay be established within Zone 2 to insure that vital
water needs will be met.  In this example, a buffer space is provided
for high priority use. An illustration would be a reservoir which pro-
vides for both irvigation and municipal water supplies. 7Zone 2 would
be operated to selisfy irvigation demands until the poel dropped to the
top of the Luffer space. At this time, irrigation demands would not be
met to mecet higher priority municipa] needs. Zone 3 represents the dead
storage component of the reservoir which contains enough space to trap
and retain sediment over the Tife of the project. Operating gates on
the reservoir ave above the top of Zone 3; therefore, the only time the
pool clevation can drop below this zone is when the reservoir is evacu-
ated as far as possible with control yates, and evaporation and seepage
exceed resorvoir inflow.

The dnvc]o;MDnt of vl curnci (quidelines for reservoir opera-
tion, usually specifying target storages on a monthly basis) involves
considerable knowledge of the variability of inflow to the reservoir and
a clear understanding of seasonal water demands, priorities, and the
downstream charnel capacity. Historically high and low streamflow se-
quences are usually used to develop and test rule curves to insure that
water requivements and all constraints are met. When historic records
are limited, a regional analysis may be performed to extend data. Other
oplions may be to synthesize streamflow records with either deterministic

stochastic models.

Rule curves serve as guides in the operation of a reservoir., Of
course, the opport tunity to adhere to these guides is improved by provid-
ing the reservoir manager with accurate, real-time forecasts of inflow.
Many operating constraints must usually be considered along with the rule
curves. lor exanple, most reservoirs have restricted rates of charge of
outflow to prevent rapid surges of water downstream. In some cases, this
may cause the reservoir pool elevation to deviate frum the rule curve.
Similarly, rule curves may occasionally be violated to accommodate
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temporary anomalies in this system. Examples would include changes in
operation te accommodate the passage of migrating fish or to assist
downstream efforts to remove a barge which has gone aqround However,
such deviations in rule curve operating should not be ailowed to adverse-
Iy affect some other part of the system.

Reservoir Storage

Detorn1n1n1 the storage volumes for a propoced reservoir, called
cogernag e el e lesie requires streamflow information at the reservoiv
site and all water demands (volumes) for the reservoir. Several methods
can be used to determine these stovaqge volumes. The method used depends
upon: the type of study being performed (is the study nreliminary or the
final detailed storage determination?), whether a single-purpose or multi-
purpese reservoir i< desired, the availability of streamflow data and
other hydro-neteovological information, and the variability of demands to
be placed on the reservoir. The type of reservoir yield analysis can be
cateaorized as either simplified or detailed sequential analysis.

Simplified methods of evaluating storaqge requirements are useful
when it is desived Lo save time and resources, when approximate results
are adequate, or when we wish to obtain a good initial estimate to a
more detailed, sequential study. Scogpeent/al mese cueee and novecanent ial
v e (depth duration analyses) are examples of smmplified methods.

The oo ad raes coeeey, or Ripple method, is probably the most
common simplified procedure; it consists of qgraphically estimating the
storage required to produce a given yield. To use the Ripple method,
the demand must remain fairly constant, that is, seasonal variations in
the demand for water from the reservoir cannot be analyzed. Also, the
watershed characteristics which control streamflow must remain fairly
uniform over the period of streamflow used in the analysis.

To apply the Ripple method, streamflow at the reservoir site must
first be accumulated in a mass curve, construction in units of volume
(Figure 3). The demand o desired vield can be represented by a straight
Tine with a slope equal to the desired yield rate.

The »wonvcrant’of vaee curee onalneis 1 another simplified method
of estimating reservoir storage. With this approach, the risk or the
frequency of shortane assoicated with a given yield can be determined.

The steps necessary to use the nonsequential method are demonstrated in
the following:

(1) rank Tow flow events, designating the lowest as Number 1, the
second lowest as Number 2, ete.
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(2)

compute the median-plotting positions of nonexceedence frequency
for ranked Tow flow events. For the 8 year period, the first 5
months could not be used to estimate 6 month iow flow volumes.
The effective record was, therefore, 8 years less than 5 months,
or 7.58 years. The plotting position (PP) for the lowest 6 month
volume was:

PP =1 - (0.5) 1/N
=1 - (0.5)1/7-58 =1 _0.9128 = 0.0872
Which means that the probability of a 6 month flow volume being
less than 67.1 m2 x 100 would be 0.0872 or 8.7 percent. The

formula for the plotting position of othrr volumes is

PP = 0.0872 + (aR) ( &0

Al
where:
AP = 0.9126 - 0.0872 = 0.8256
Al = 7.58 - 1 = 6.58
AR = Rank - 1]

The number of events ranked is the smaller of N/n or R where:

N = number of months in the record
n = number of months in duration
R = rank of the last event with PP < (.50

(In this example R = 4)

The ranked volumes were:

6 month Volume Plotting Position
Rank (m3 x_106) (percent)
1 67.1 8.72
2 69.7 21.27
3 69.9 33.82
4 72.1 46 .37

plot the low flow events (Figure 4). These nonsequential mass
curves are smoothed graphically to insure mutual consistency,
that is, so curves do not cross.

minimum runoff duration curves are then obtained by plotting
points from the lTow flow frequency curves on logrithmic paper
(Fiaure 5). The flow rates which are in cubic meters per second
(Figure 2) are converted to volume (Figure 5).

select the risks that are considered reasonable for the type of
project being studied and, along with the required demand, evalu-
ate the storage requirements (Figure 6). The nonsequential mass
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curve is the selected volume duration curve plotted on arithmetic
grid. This is used as the estimate of yiled. To determine the
storage requirement, a straight line with a slope equivalent to
the demand is plotted tangent to the mass curve. The absolute
valug of the negative vertical intercept represents the storage
requirement (in this example, 11.5 3 x 106).

The results from this example yield the storage required to meet
the specified demand, in this case, 17.32 m3 x 106/year. Thus there
would be a 2 percent change of having & shortage with the storage of
11.5 m3 x 166, Again, there are some constraints with the use of this
method. The nonsequential mass curve does not reflect the seasonal
variation of flows. Also, if demand varies seasonally, the procedure
cannot be used.  This method is only as good as the nonexceedence fre-
quency curves from which it is based. Therefore, several years of record
are needed.  Typically, adequate streamflow data are nct available to
utilize cither cne of the two simplified approaches. In such cases, con-
tinuous .imulation models may be used to generate streamflow for a par-
ticula: avea based upon precipitation records which are often more
abundant.

Detailed Sequential Analysis

The most accurate method of determining reservoir storage re-
quirements is by the detailed sequential analysis. This approach is
usually considered more acceptable than the previously described tech-
niques because a1l inflow and outflow to the reservoir site are examined
during sequence of critical low flow events. Reservoir storage require-
ments then are evaluated with a procedure based on the principal of con-
servation of mass. The conservationofmass is expressed by the following
continuity equation:

[ -0 =AS
where:
I = totq1'inf1ow volume to the reservoir during a specified time
0 = Egg;?doutf]ow volurie during the same time period
AS = change 1in storage volume in time period.

The change in storage can be expressed as follows:

S=St-S

t-1
where:
St = storage volume at end of time t
S = storage at end of time t-1
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By substitution and rearrangement: St = 't—1 + It - Ot

A repetitive solution of the above equation together with an examination
of constraints. storage boundaries and service priorities is called a

. S
sequent foa! ponting sl

Because of the detailed nature of o sequential analysis, corputer
programs are often used. Sequential routing can be performed by hand
calculations, particularly when determining the storage capacity of a
simple single reservoir, but the work is tedious.

Design Floods

Design floods or design storms are selected for reservoir studies
as standards against which performance of the facility may be evaluated.
The design fiood is simply the runoff from a Targe storm and is defined
by some selected criteria.

Design floods are typically referred to as spillway, reservoir,
or project design floods. The spillway design flood is that flood which
ic celectes to determine the size of the spillway of the reservoir. The
reservoir design fiood refers to the event selected for sizing the flood
control storage of a reservoir. The project design flood is that which
is used to determine the size of the project.

There are several approaches to determine design floods for one
of the above purposcs. The probable maximm [lood (MMFF) is that flood
which may be expected from the most severe combination of hydro-meteoro-
logical conditions that are reasonably possible for an area. Typically,
such a large event is used in the design of a spillway, particularly
where failurc would be disastrous in terms of loss of iife. The standard
rroject flood (SPF) is usually smaller than the probable maximum flood.
Often a figure of 40 to 60 percent of the PMF rainfall is used to gen-
erate the standard project flood. It is usually used as an upper Timit
design flood for major reservoirs or local protection projects. In
either case, the estimated flood events are based on sound knowledge of
the meteorological conditions in the region. A certain amount of judg-
ment is used in determining both of these floods. An alternative ap-
proach would be to determine floods with specific exceedence intervals
such as the 20 year, 50 year, or 100 year event. A risk is thus asso-
ciated with these design floods. Reservoirs shouid probably not be de-
signed on the basis of recurrence intervals except where Toss of life is
not a factor or where the economic impacts of failure are insignificant.
It must be realized that a reservoir designed on the basis of, for ex-
ample, a 100 year recurrence interval flood has associated with it a
risk of failure of 67 percent over a 100 year period. In the case of
multiple projects, the design on the basis of the 100 year event could
be very misleading. If we have 100 reservoirs designed in this manner,
there is a 67 percent chance that one of those reservoirs will fail in
any given year.



145

As with Tow flow analyses used in conservation-storage studies,
stochastic streamflow data may be generated for flood analyses. The
concept of the desian storm or design flood is simply that we can pre-
select the performance criteria which we wish to use for a particular
vater resource facility. Again, this performance criteria may be based
on many tactors other than hydrelogic considerations. The economical,
nstitutional, political, envirvonmental, and social aspects may be de-
termining factors in the selection of performance ciiteria.

Selection criteria for design floods are usually established by
an agency which is responsible for designing and operating the reser-
voir. If o project has a very high dam with a large volume, and it is
determined that the structure cannot be overtopped without disastrous
consequences, o probable naximum flood would be Tikely chosen for spill-
way desian. heothe oty hand, run of river hydroelectric power plants
or diversion dan, moy be desianed by means of a standard project flood
inwhich cave the oteacture could be overtopped without suffering serious
demage.  Small dams wiicn impound one to two million cubic meters or
less, or swall recevational type lakes and farm ponds may be designed
on the basis of floody with a specified recurrence interval. In such
cases where a dar in Tow enough and the storage small enough so that no
serious hazavd exinte to downstream inhabitants, an event such as the
90 year recurrence interval flood may be selected.

Methods of generating design floods have previously been dis-
cussed. In the case of standard project flood or the probable maximum
flood generation, one would likely select a model such as the unit hydro-
araph and take meteorological (rainfall) data and generate streamflow.
In the case of recurvence interval design floods, the study would involve
a statistical analysis of existing streamflow records. Very often this
requires a regicnal analysis to determine streamflow responses for un-
gauged sites.
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CHAPTER X1

ECONOMIC ASPECTS

INTRODUCTION

For the hydrologist or watershed manager concerned with action pro-
grams and getting technically sound project proposals implemented, econ-
omics is of central concern--as are politics, social pressures, ete.

This is the basic rationale for including an economic perspective in this
course. MWhile the academic hydrologist at times can quite justifiably
ignore economics and politics in his search for the "best" technical
approach to a watershed problem, the practitioner--who is of central con-
cern to this course--cannot ignore the broader picture, z.e., the condi-
tions which determine the commitment and capacity to implement hydrology
projects.

WATERSHED OBJECTIVES AND PROJECT PLANNING

Most land-use related projects involve implications in terms of
changes in water quality and/or quantity. Thus, most such projects should
include explicit consideration of water related impacts and of potential
activities to achieve acceptable watershed protection standards. In some
cases the major objectives of a project may bnwater related and consti-
tute the reason why the project is being considered and piroposed. In
other cases, water related concerns may merely enter the project analysis
in the form of constraints on other project activities.

Basically, project planning involves: definition of objectives,
identification of alternatives to meet objectives, design of alterna-
tives in terms of specific required inputs and outputs, analysis or ap-
praisal of alternatives, and choice among alternatives. It is a dynamic
and reiterative process which uses feedback from past and ongoing oper-
ations to improve future project planning activities.

_ The focus of this paper is on one of the elements in the overall
planning process, namely analysis or appraisal. We limit ourselves to
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the economic analysis and appraisal process, recognizing full well that
most projects involve other appraisals, including: technicol appratsal
(a main subject covered in the present course), comncretal appratsal, Or
the consideration of the availability of inputs when needed and the
actual uses or requirements for outputs, inotdtutional and organisational
appratsal, which deals with the consistency of a given project alterna-
tive in terms of the institutional structure existing and the organiza-
tional capacity to undertake a project; wenagerial appratoal, or the
consideration of whether or not in fact there is the managerial capacity
available to implement and execute a given project; and financial

appraisal, or the consideration of budget implications and financial
profitability.

THE BASIC FRAMEWORK FOR AN ECONOMIC ANALYSIS

An economic analysis is carried out to provide information for
decision making on the costs and benefits or economic impacts associated
with a project and the relationship between costs and benefits, e¢.g.,

whether the benefits exceed the costs for a given projec: alternative.

The emphasis here is on cconomic analysis from a national, pub-
lic point of view, as distinct from the closely related [lnuncial
analysis, which is of central concern to private entities. The public
sector is also interested in financial considerations, since a projact
cannot be undertaken unless it is financially viable, 7.¢., within the
budget 1imits of the public sector or agency considering the project.

A financial or budget analysis for a watershed project is fairly
straightforward and involves consideration of financial (money) out-
flows and inflows for a given entity or group of entities.

There are two main applications of economics in project planning.
First, we are interested in the economics of alternative designs (or
project opportunities) to achieve the same objective(s). This involves
analysis of “mutually exclusive" project alternatives. Second, once the
"hest" design for meeting a given objective has been chosen, z.e., the
economically "optimum" design, economics is relevant in terms of de-
ciding whether or not in fact the project will be undertaken, when other
known uses for scarce resources are considered.

Economic analyses of watershed projects are no different in
principle or concept than economic analyses for any other type of project.
Basically, in an economic analysis we are concerned with economic effi-
ciency associated with alternative allocations of resources, Z.e., how
to achieve the greatest benefits with given resources, or how to mini-
mize the expenditure of resources in achieving given benefits. Some
analytical issue and empirical problems are particularly important for
watershed related projects. Some of these issues and problems relate to
economic factors, and they are the main subject oi this paper. Others
relate primarily to technical factors and their treatment is properly
the task of hydrologists; many of these have been discussed in earlier



sessions of the course. Thus, we do not discuss them further here, other
than in terms of how the economist can interact with the hydrologist in
determining what physical input-output information is needed in order to
carry out an economic analysis. A basic point is that the physical re-
lationships must be quantified Loy an economic analysis can be carried
out. Thus, the present discussion proceeds under the assunption that
such information can be generated. Given the fact that the lack of such
information is in practice the major hottleneck encountered in most
watershed project appraisals, it may seem that this assumption is made
here to avoid a major problem. 1In fact, it is made to emphasize the
point that the . conomict cannot ~olve fhe fnformation cnd dekoa probloms
qssocatod vith walershed projects. What he can do is to suggest a sys-
tematic approach to 7Zdentdfyin; direct and indirect negative and positive
impacts associated with a project, and point out what information and
data are needed for him to be able to valuc these various impacts.

STEPS IN AN ECONOMIC ANALYSIS

The nature and the amount of detail included in an economic
analysis of a watershed project will vary from project to project and
from institution to institution. However, some general guidelines can
be mentioned. First, a meaningful economic analysis can be carried out
only when objectives have been clearly specified and alternatives for
meeting the objectives have been identified in terms of the physical
input and output relationships involved.

Second, any economic analysis should include at least the fol-
lowing five steps:

(V) teveloping piysical input-output relationships jor alterna-
ttves cnd Thdivect o cots inoo Jorm appropriate for the economic ap-
pratez’l.  This means organizing input and output information in terms of
basic physical units and in terms of the times when inputs are required
and outputs will be forthcoming. The appropriate units are those with
which values can be associated. The time element is critical, since
the economist will eventually have to adjust costs and benefits that
occur at different times to a common time basis.

(2) Rotimaiing appropriate wiit oalucs for inputs and outpiuts.
In a financial analysis, market prices are used; in an economic analysis,
some market prices are adjusted to take into account differences between
social value and market value and an attempt is made to derive monetary
value (social values) for nonmarket inputs and outputs or impacts
associated with a project. Again, economic unit values {usually called
"shadow prices") are organized by time periods, recognizing the fact
that they will likely change over tinme.

(3)  Cmiindiy the plgsiond drpur and cutpul injormation with the
Tl valuce to arrive b g total value flow for the projcet (such as
ilTustrated in Table 4 ). This is a basic table for the economic analysis,
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since from it will be derived the various measures of economic project
worth which will be used by decision makers in making their choices

among project opportunities.

(4) e el lng reasaees of project worth appropriate to the
oot and s Dinae il on wulertoking the analysie.  The most common
measures involve "adjusting” costs and benefits which occur at different
times to a comnon point in time, generally the present. The process of
adjustment is called discounting (and compounding) and the basis for the
adjustment factor used is the relevant discount rate, generally deter-
mined at the national level and applied to all projects in all sectors,

to insure consistency in results for diverse types of projects.

(5)  Guwrii, the sensiliolly of tic colonloced mosnzen of pro-
Jeot wortl to wniild D ABSMp LLONG QUNCETIILN | Lnput-ouipul velationships,
uni b o, cto, jor whicio some wnecrtainty cetelbo. Treatment of un-

certainty is a critical step in the analysis process, since in most cases
we will be gquite uncertain about many of the values assumed in the
analysis.

PARTICULAR ISSUES OF CONCERN IN HYDROLOGY PROJECTS
Based on review of a number of hydrolouy/watershed management
projects in developing countries, it appears that there are some specific
analytical and empirical issues which are particularly common for water-

shed projects. These are discussed in the remainder of the paper.

The specific points selected for further treatment are the
following:

(1) Consideraticn of alternative means for achieving goals.

(2) Determination of project scope and context.

(3) Identifying costs for watershed projects.

(4) Identifying benefits for watershed projects.

(5) Treatment of benefits and costs in multiple purpose pro-

jects.

(6) Presenting cost and benefit information in an appropriate
form.

The fact that there are only six points does not mean that they are the
only ones of concern to the analyst of a watershed related project.
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EXAMPLES

The first of the examples is an economic analysis of alternative
logging systems. The obiective of the analysis is to find that system
that maximizes net revenue subject to a constraint on maximum allowable
sediment discharge. 1t is an example of an cconomic analysis to provide

information for an operational decision where water related concerns
are entered as a oot

The second example illustrates in summary form an cconomic analy-
sis of a major watershed project designed to reduce the rate of sedimen-
tation in a rescrvoir, thercby extending the useful Tite of the reservoir
and producing additional downstreaw benefits.  The projecl also involves
several other elements, including wood production in cembination with
watershed proteciion, pasture improvement, and general iwmprovement of
upstream agriculture.

Example MNo. 1: Watershed Considerations
as a Constraint in a Project

The growing worldwide concern for environmental protection makes
this type of example relevant.

A 20 hectare woodlot is to be harvested. The lot occupies land
along a river with an average slope of 20 to 30.. In ovder to prevent
erosion and decrease resulting sediment flows, a clearcut will not be
allowed by reqgulatory agencies. For this reason a selective cut will
be made. However, it is anticipated that with standard logging tech-
niques about 2.5 metric tons of sediment per hectare will enter the
river the first year after the harvest. This amount of sediment is con-
sidered unacceptable by authorities and they will not issue the harvest-
ing permit unless measures are taken to reduce sediment to no more than
1.8 metric tcns per hectare. Thus, the forest manager must find an
alternative that will reduce sedimentation of the river by at least 1.8
metric tons per hectare per year at the lowest cost possible, 7.c., he is
searching for the least cost alternative for Togging tne area that will
meet the constraint.

Harvestable volume on the woodlot is 300 cubic meters per hectare
which can be sold for $10 per cubic meter.

If all 20 hectares had been harvested using standard methods, it
is estimated that the following costs and returns would have then obtained:

Returns

300 cubic meters/ha x $10/cubic meter x 20 ha equals $50,000
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Costs

labor: 1000 man hours x $2.00/hr equals 2,000
tractor: 250 hours x $25/hr equals 6,250
loading/transport: 120 hours x $20/hr equals $2,400
total cost:  $10,6%0

Net revenue
$60,000 minus $10,650 equals $49,350

However, as mentioned the standard method is not acceptable be-
cause of the high sediment discharge associated with it. Two alterna-
tives are proposed that would meel the maximum discharge restriction.

The . roi feasible alternative consists of leaving a 25 meter
wide buffer strip (no cutting) along the river. The woodlot has a shore-
line of 1600 meters, therefore, cutting would be reduced to a total of
16 hectares instecad of 20 hectares. This means a loss of 4 hectares of
tmber or 300 cubic meters x 4 hectares x $10 per cubic meter which
equals $12,000 of revenue foregone. This is considered a cost for this
alternative. It is assumed that other costs would be reduced by 20 per-
cent since only 16 hectares could be harvested. Thus, costs other than
revenue foregone would decrease to 58,520 (20 percent less than $10,650).
Total cost of this alternative would be $20,520 ($8.570 plus $12,000).

The cocond alternative which meets the sediment discharge require-
ments consists of establishment of 40 meter filter strip in which no
machines are allowed. A1l commercial timber (:.c., 300 cubic meters per
hectare) on this 6.4 hectare filter strip can be cut but must be winched
out at a higher cost. On the 6.4 hectares of the filter strip are
estimated to be $8,094. For the remaining 13.6 hectares, costs will
drop to an estimated $7,242 to reflcct reduction in area logged. Thus,
total cost of this alternative will be $15,336.

Assuming that these are the ounly two alternatives considered that
meet the sediment discharge restriction, we would choose the lowest cost
alternative or the filter strip approach. Revenue would be $60,000 as
before and cost would be $15,336, for a net return of $44,664, which
compares with a net return of $29,480 in the buffer strip alternative.
The information generated in this analysis further indicates that the
cost of the sediment discharge restriction would be $49,350 minus
$44,664 or $4,686.

Example No. 2: Economic Analysis
of a Watershed Protection and Management Project

_ Some years ago a reservoir was built along the Sierra River to
provide storage of water for downstream use during periods of Tow flow.
Downstream uses include irrigation on some 9,500 hectares and domestic



water use by the local population. It has been found after five years of
operation that the reservoir is silting in at a much faster rate than
initially anticipated, thus reducing effective capacity and ability to
meet water requirenents downstrean.  Siltation is occurring at a rate of
dmillion cubic meters per year. Present resevvoir capacity is down to
100 million cubic meters. At the present race of siltation, it will only
be four years before capacity is reduced to a point where it can no longer
meet estimated water requirements of downstream users. (Domestic water
use 1s increasing at a rate of about 6.19 percent per year, while irri-
gation use is tairly constant.)

Project Goal

To prevent the reduction (or loss) of water related downstream
benefits (those that would be lost without the project include crop
values and health and satisfaction associated with domestic water use),
the project would extend the effective capacity and life of the reservoir
by reducing the rate of siltation from 4 million cubic meters per year to
1T million cubic meters per year. Since there was apparently no problem
of flood damage with or without the project, flood prevention was not
included as a goal. 1t could be added in as a goal and treated in ex-
actly the same way, if it was a problem.

Project Points of View

(1) Downstredam users of wiater have a direct interest in maintaining
the capacity of the reservoir so that they can continue to re-
ceive water during the dry periods when river flow is inadequate
to meet 1equirements;

(2) Upstream users of the land which would be affected by the var-
ious conservation measures proposed for the project are
interested in how such measures would affect them. If effects
are negative, some form of compensation may be included in
the project plan;

(3) The nation at large is concerned with increased crop consump-
tion, improved welfare of domestic water users, and losses
or gains incurred by upstream land users.

The point of view adopted in the analysis is primarily that of
the nation, although the other two viewpoints are also considered.

To accomplish the project goal, the following project components
have been proposed in the technical design and analysis:
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(1) Establish protection forest on the most critical areas where
no other activity should take place because of slope or crit-
ical nature of soil protection.

(2) Establisn protection/production forests on areas that need
permanent protection but which are less critical so that
some forest utilization can take place on a controlled basis.

(3) Build terraces on some of the most critical arcas with very
unstable scils.

(4) Manage and maintain pasture lands on a rotation, based on their
carrying capacity and ability to regenerate. This will pri-
marily involve control and policing activities together with
techinical assistance.

(5) Establish forest management on exisiing natural forest areas.
This wouid include control of harvest and other activities,
watershed protection inputs into access road establishment,
inventory and other information gathering activities.

(6) Establish an overall watershed management and adninistration
unit within the regional qovernment to supervise and control
implementation of an integrated watershed management program
for the whole watershed, including the above elements. Include
extension services for local farmers.

In the project documentation, appropriate technology, input re-
quirements and timing for each of the project components were analyzed.
Based on an initial survey of the total watershed of 17,500 hectares,
the scale of each of the project components was determined, as shown
in Table 1. Average input requirements per hectare were estimated and
applied to the total areas to arrive at total Tabor, equipment and
other input requirements. These input requirements together with unit
value estimates were then used by the economist in valuing the project
costs, which are summarized on lines 4 through 8 of Table 2.

In developing economic values for inputs, only unskilled labor
was shadow priced. Other inputs were valued in the economic analysis at
their financial or market price values.

A project period of 26 years was considered appropriate, con-
sidering the relevant social discount rate of 12 percent.

Identification of Benefits

Reservoir demand (Z.e., the demand on water from the reseryoir
which would not be available without it) is estimated at 86 million
cubic meters in the first year (year 0) of the project as shown on the
first line of columns 5 or 6 of Table 2. The capacity of the reservoir
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Table 1. Areas associated with each pruject component

Component Hectares
Protection plantings 760
Protection/production plantings 870
Terraces 320
Pasture use control 3,850
Natural forest management 3,160
Watershed planning & administration (17,500) Y

1/ Including the parts of the watershed not requiring direct action.



Table 2. Watershed project: identification of water benefits.

(millions of m3/yr)

m (2) (3) (4) ‘ (5) (6) (7)
Reservoir Capacity Difference Reservoir Use Difference
without with with & with- without with in use with &
Year prcject project out project project 1/ project &/ without
0 100 100 0 86.0 86.0 0 1/ Constrained by demand for
1 96 99 3 86.4 86.4 0 water during first 4 years then
2 92 98 6 86.8 86.8 0 constrained by capacity as
3 88 97 9 87.2 87.2 0 demand outstrips supply
4 84 96 12 84 87.7 3.7
5 80 95 15 80 88.2 8.2 2/ Constrained by demand for
6 76 94 18 76 88.7 12.7 first 10 years then constrained
7 72 93 21 72 89.2 17.2 by capacity as demand outstrips
8 68 92 24 68 89.8 22.8 capacity even with the project
9 64 9 27 64 90.4 26.4
10 60 90 30 60 90 30.0 3/ This is the measure due to
11 56 89 33 56 89 33 the project, Z.e., the difference
12 52 83 36 52 88 36 in use with and without the
13 48 87 39 48 87 39 project
14 44 86 42 44 86 42
15 30 85 45 40 85 45
16 36 84 48 36 84 48
17 32 83 51 32 83 51
18 28 82 54 ’8 82 54
19 24 81 57 24 81 57
20 20 80 60 20 80 60
21 16 79 63 16 79 63
22 12 78 66 12 78 66
23 8 77 69 8 77 69
24 4 76 72 4 76 72

961
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1s 100 million cubic meters at present (start of project) and is de-
creasing by about 4 million cubic meters per year duce to siltation.

(See Col. 2 of Table 2) Thus, in about four years from the present Lhe
estimated capacity of the veservoir o o0 the project would just bhe
equal to demand.  From then on, the reservoir would not meet the require-
ments for water from it.

Wil the project, iU is estimated that the rate of siltation can
be reduced to about 1 million cubic meters per year. Thus, the reser-
voir will be able to meet requirements for a longer period of time,
although eventually, even with the project, demand for water will out-
strip the capacity of the reservoir. This will occur in year 10 (compare
Cols. 3 and 6).

A first reaction mright be to use the difference between the with-
out and with project capacities as shown in Col. 4 as a measurc of bene-
fits. However, this would overstate benefits, since even without the
project, the reservoir could satisfy demand for four more years. With
or without the project, the benefits would be the same during those
first four years and, thus, the benefits due to the project would be zero
during that period (years O through 3). For the next six years (years
4 through 9) capacity w./th the project would still be above demand. Thus,
vith the project, the benefits due to the project for this period would
be the difference between estimated demand and cooply w/iiows the pro-
Ject, or the demand deficit which would start to be felt in year 4 if
the project were not undertaken. (This is the differcnce botween raw
items in Cols. 5 and 5) In year 10 demand would start to outstrip supply
even wit/e the project.  Thus, from year 10 and on to the end of the
project, the appropriate benefit figures would be the differences in
capacity with and without the project (<...., the difference between Cols.
2 and 3). Using the above approach, the increased water use due to the
project is identified and shown for cach year (Col. 7 of Table 2).

The figures shown in Cols. 5 and 6 are gross figures which in-
clude evaporation from the reservoir, estimated to average about 54
million cubic meters per year. Since the evaporation would be approx-
imately the same with and without the project, there is no need to adjust
the figures shown in Col. 7. They represent net increases in effective
water use.

In addition to the direct benefits associated with increased
reservoir capacity, there will be some timber related benefits from the
combined production/protection plantings (Table 3). In years 6 through
10 there will be some minor thinning volumes available and in years 17
through 21 there will be final harvest volumes available.

In addition to the water and timber related benefits, the fol-
Towing indirect benefits were identified but not quantified in the
study:

(1) Eventual increases in livestock production due to regulation
of grazing on watershed Tands. (At present, many of the



Table 3. Inputs and outputs--production forest components.

6 7 8 9 10 M- 17 18 19 20 21

Hectares planted 174 174 174 174 174 174 178 178 174 174
Thinning harvest

ha 174 178 174 174 174

m/ha 20 20 20 20 20

Total m° 3480 3480 3480 3480 3480
Final Harvest

ha 174 174 178 174 174

m>/ha 525 525 525 525 525

Total m3(1000)

91.3 91.3 91.3 91.3 91.3

851



pastures are marginal due to overgrazing.) The project would
restore these lands.

(2) Aesthetic values will increcase as the land is rehabilitated.

(3) Access roads required for protection and other watershed manage-
ment activities will permit faster and cheaper access by farmers
to markets and increased mobility for extension personnel so
they can reach nore farmers.

(4) The project is expected to result in an increase in water
quality in addition to quantity. A reduction in suspended
loads carried over the reservoir dam will decrease the need
for maintenance on individiuai irrigation installations.

Valuation of Benefits

Based on studies of .rop increases made possible by irrigation,
it was estimated that irrigation water flowing out of the reservoir
would return a nct of P2 per cubic meter of water. Since the major por-
tion of the water is used for irrigation, there was no feasible way of
placing a value ¢n the water used for domectic purposes, and there is
no feasible way of allocating the <icriased water made possible by the
project to irriyation and domestic use, 1t was decided to value the domes-
tic water at the rate used for irrigation, namecly P2 per cubic meter.
This was recognized to be a conservative estimate. Using this value
per cubic meter and the water increase figures in Col. 7 of Table 2, the
corresponding annual water related benefits from the project were de-
termined (Row 1 of Tcble 4).

The wood production benefits were valued at P290 per cubic meter
on the stump. This value was a parity price based on the value of
imported wood. The parity price was adjusted down by 10 percent to
reflect the Tower quality of project wood. Total wood production bene-
fits are shown on Line 2 of Table 4.

Other benefits were not valued due to inadequate data or to the
inappropriateness of attempting to quantify values, e.g., for the
aesthetic benefits.

Comparing Costs and Benefits

As indicated (Line 9 of Table 4}, there is a net cost involved
in the project for the first four years, after which the value flow
turns positive and increases steadily over the life of the project.
Using a rate of discount of 12 percent, we arrive at a Net Present Worth
(NPW) for the project of some P292 million. The rate of return (ERR)
of the project would be well in excess of 50 percent.



Table 4.

Value flow table.

0 1 2 k] 4 5 6 7 8 9 Hy n 12 13 7] 15 16 7 18 19 20 21 22 23 24 25
millions of pesos
BENEFITS
1 Irrigation §
domestic use 0 1] 0 1] 7.4 16.4 25.4 34.4 45.6 52.8 60 &6 72 78 84 €0 96 102 108 14 120 126 12 138 144 150
2 Wood pruduc-
tion 1.0 1.0 1.0 10 1.0 26 26 26 26 26
3 Total 0 0 0 2] 7.4 16.4 26.4 35.4 46.6 53.8 61 t6 12 T8 84 kY 96 128 134 140 146 152 132 138 144 150
COSTS
4 Planting pro-
tection forest 3.4 4.5 1.0
5 Planting pru-
duction forest 1.3 1.6 1.6 1.6 1.6 0.3 1.3 1.6 1.6 1.6 1.6 0.3
6 Terrace con-
struction 0.8
1 Mansgenent
costs 1/ 1.0 1.0 1.0 1.0 1.0 10 1.0 1.0 ¥y0 YO 1.0 1.0 tOo 1.0 10 LO 1O 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
8 Totael 6.5 7.1V 3.7 2.6 2.6 1.3 10 10 10 10 Yo 10 lo Lo 1.0 1.0 MO 2.3 2.6 2,6 2.6 2.6 i.3 1.0 1.0 1.0
9 KET BENEFIT
{LOsST) {6.5 7.1 3.7 2.6) 4.8 15.1 254 34.4 456 52.8 &0 65 n 17 43 a9 95 125.4 131.4 137.4 143.2 149.4 13,7 137 133 149
10 Present Viiue
at i3 (6.5 6.3 2.9 1.8) 3.0 12.9 12.9 15.6 18.4 19.0 19.3 18.7 8.2 17.6 W/ 16.3 15.5 18.3 17.1 15.9 14.9 136 1to.s 0.1 9.4 8.8
N EPN at 122 KW at 122
£292 million
1/ locluding protection amd extenston serviies, waintensnce ond adrinlstration.

091
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The high returns to this project can be explained quite easily.
Since the reservoir was already in place and its cost represented "sunk
costs," they were not included in the analysis of the project. Thus,
the small amount of additional expenditure required for the watershed
protection activities (the project) were compared with the returns which
actually include the total incremental henefits from the reservoir.
Obviously, if one werce analyzing a new reservoir project, the situation
would be quite different, since the substantial expenditure for the
reservoir would have to be added into the cost stream for the project,
while the benefits would remain approximately the same.

DISCUSSION OF ISSUES

The two examples presented are representative of the types of
economic analyses one encounters for watershed related projects. The
following discussion outlines some of the major issues which arise con-
cerning these examples.

Considering Alternative Means
for Achieving Project Goals

Project planners should explore alternative means for achieving
given project goals. If only one alternative is presented to the decision
maker, his only decision is whether to accept or reject it. On the other
hand, if information is presented which permits him to look at a range
of alternative means for achieving a goal, then he can more thoroughly
consider and weigh the implications of different courses of action,

In Example 1, two alternatives to the standard logging approach
were considered explicitly in the analysis. If other known alternatives
hlad been availahle then they should also have been considered. In this
case, the objective was to find the lowest cost alternative that met
the maximum allowable sediment discharge restriction or constraint.
Thus, one should note that costs and benefits for the standard logging
approach were used only as a basis for comparison since it was, by
definition, an unacceptable alternative due to the fact that it did not
meet the constraint. Thus, actually only two alternatives were compared,
the buffer strip one and the filter strip one. If others had been
available (technically defined) they could very easily be included in
the analysis.

The appraisal did not consider alternatives in the case of
Example 2. However, there appear to be two which might have been con-
sidered. The first is the use of dredging at some future date to
maintain reservoir capacity equal to demand. The second is the expansion
of the reservoir to increase capacity so it can meet demand even when
siltation occurs. In addition, the report on which this example is based
did not discuss alternative technologies and scales for project components,
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nor did it go into the relative advantages of alternative timings of
project activities to more efficiently achieve the goal of the project.
Finally, although some of the project components werc separable in terms
of costs, the analysts did not have inmvoriation on which to base a sep-
aration in terms of benefits.  Thus components were not analyzed
separately and it was not possible to evaluate alternative combinctions
of project activities to find a more cfficient overall solution for
meeting the goals.

Determiring Project Scope and Context

A major question facing project planners is what to include and
what not to include within the scope of a given project.

From a practical point of view, it boils down to a question of
where to cut off the endiess chain of effects or impacts associated
with a given project. The theoretical answer is: “Include all the
impacts." The practical answer is: "Include all those impacts which
you can identify and which appear to be large enough relative to the
direct and inmediate impacts to make a difference in the cosl and bene-
fit flows." The object of a project evaiuation is to generate the
information needed to make a sound decision as to whether or not the
project has benefits exceeding costs and, if so, whether the benefits
exceed the costs by a large enough margin to make it worthwhile to com-
mit scarce resources to the project rather than to some alternative
use. If the direct benefits associated with a project are large enough
relative to costs to make the project worth undertaking from an economic
point of view, then spending 2 large amount of effort and funds on
further analysis of all the various indirect impacts will not be worth-
while. However, if the project is marginally unacceptable, then there
is a much stronger case for detailed analysis of indirect impacts. No
general guidelines can be put forth here on how to determine the
appropriate cutoff for considering indirect impacts. That will depend
on each project situation, the knowledge of the project planners and
staff specialists, the cost and time involved in generating information
on indirect impacts, and the objectives of the institution sponsoring
the analysis.

In the case of Example 1, the scope was very narrow, mainly
due to the fact that the project involved a very small area and probably
had insignificant indirect impacts. The example illustrates well the
type of brief, uncomplicated analysis associated with operational de-
cisions. Once this particular situation had been analyzed and the best
logging method chosen (the lowest cost method that met the constraint)
it is 1ikely that that method was accepted and used for other similar
logging situations without further analysis, Z.c., this simple analysis
served as the basis for developing an operational guideline for logging
that says: "In situations of riverside logging, a filter strip system
is the cheapest alternative logging system which meets the specified
maximum allowable sediment discharge constraint."
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Identifying Costs

One can specify three main catevories of costs involved in
watershed projects. These are.

Structures and Work Costs

These include costs of dams, gully plugs, construction of con-
tour furrows or terraces, channel construction or improvement, road
relocation, retainer walls, cte., and maintenance of these structures

and facilities.
Vegetation Manipulation Costs

These mainly include costs of removal of vegetation and planting
and management costs associated with the establishment of new vegetation.

Value of Outputs Foregone

fven eroded or deteriorated lands may be producing values through
grazing, subsistence farming, c7.». These activities may have to be cur-
tailed for a period of time in order to restore land to some higher
level of productivity. The value of such production foregore should be
included as a project cost. In the case of a protection project, tim-
ber harvested per unit area may be reduced due to the introduction of
buffer strips along rivers, strcams, roads, /. Selective harvest may
have *o be imposed on steep hillsides which may in turn reduce the pre-
sent value of harvests. This reduction is a cost.

The first two categories of costs are quite obvious, and both
examples treated these in an adequate fashion. The third category--
value of outputs foregone--is also relevant to both cases. In Example 1,
it can be noted that the analyst treated the value of timber foregone
through creation of a buffer strip as a cost. He could also have merely
reduced the total benefit figure by this amount, thus treating this
value foregone in terms of benefits. Cither way would have produced the
same result, since the objective was to arrive at the alternative with
the highest net return.

In the second example, there were values of outputs foregone
from changes in land use that should have been considered but were not,
as explained in the previous section. This supports the point made
earlier that project scope points of view and cost and benefit identifi-
cation are closely interrelated. Since the upstream land users' point
of view was not adequately defined, the analyst also missed identifying
explicitly changes in value of output associated with upstream land use
due to restriction of grazing on some lands and shift in land use from
agriculture to forestry on other lands.



ddentifying Benefits Using the "With and Without" Test

The basic a,pﬁoach suggested for wdentifying costs and benetfits
invoives use Gi che 'with ana without" test. Basically, this means that
Lhe anatyst oths Lro assweeos the question: "Hhat would the situation
Pixely bo witoout rvhe neoject over the pevicd of years contemplated for
Lhe project snd woat woola the situation Tikely be with the project?

The par* cutar poind o ohlonabize bere s tnat tie "without"
prodect sttuation 1S AL the samé s Lhe present cituation Too most
cypes of watershed srojecis.  Thus, over time, withoul the proposed
watershes project, ot conditions wight deteriorate, erosion might in-
crease, i, Ine Analyst has Lo make sure that these changes are taken
ato accoune i igure Gy Without the progject, conditions wouid deteriorate
UNCTE o En yead 1 prroduction would have decredsed to Y. With the project,
TS wsitoixiced thao production w1l ancrease to Z. Trne point to note
nere aS Tnat hoda Zowines Xoond Xominus Y are legitvimate benetits to be
Griiibuted oo oLae preject. inui, the ana]ysf will not only need to es-

Tane tae acreasce in procuction wnich will be po sinie (4.0., Z-X)
sut ne wili also have to make an estimate of the losses whicn will be
avoided (7.o., X=Y). Example 2 1llustrates this point.

Appiication ov the "with and without" test aiso trings out another

soint related to cenefit identification and valuation (which is also
vitustrated by Uxempte 2). The point is that merely because a project
chanqges some physical dimension in & positive way, this does not neces-
carily mean that tnere 15 a benefit involved. in Example 2, the project
starts Tmmediately to reduce the Tevel of siltation in the Sierr

roservolr and thereny increases the effective capacity of the reservoir,
However, even without the project the level of capacity of the reservoir
15 an excess of demand and will continue to bhe so for the next 4 years
Applying tae "witnh and withouo" test, the anaiyst can sce tuaL Lonsump~
tion of wacer (the relevant benefit parvameter) will remain the same
with or wichout “ne nroject for this period.  Thus, tihe benefit (losses
avoided) due to the project wiil be zero during the first four years,
Grountil the capacity o7 the rescevoir withowt the project would have
fallen helow roauirements Tor water. Tnis point applies more broadly
to many different types of watersned projects.

The above point relates to the Tact that in an economic efficiency
anaiysis, beneitts should be measured in terms of human consumption.
Thus, for oy;mn.e, the hyarologist may proviae an estimate o7 metric
tons or cabic mzters of 5001 loss that can be avoided by undertaking a
Given p.o;ugh. But this inTormation 1s not enough for an economic
analysis. In order to value the benefits trom the project, such losses
avoided aave o Lo translated into @ schedule of crop or other consump-
tion dosses cvolded, Thus, agricuitural experts have to come up with
LUl S0 ‘OJJ andg crop production or soii Toss and
production of some obher consumption item, This consumpiicn 10Ss can
then be vaelued and used as the benefit in tre econoiiic efficiency
analysis.

vy oy e s . .
Jorgrdiolthi o D
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Figure 1. Identifying benefits using the with and
without test. A = losses avoided.
B = production increases over present level.
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Treatrent of Berneiivs and Costs in Multiple Purpose Projects

(Gouse care and caution

A point wiorun mentioning nera is ine peod
nouiLiple puirpose pro-
.

[&)¢
toordentifyang cosis and benefits anvsociated wil
JUuLls wWhich aciuie o wdiersncd mdnageaent olener For exmanle, in some
Canoe, trees crantes onaenuaed Tande o part of o owewersaed proteciion
D resiovaiion Secject witl atho be ndnaaed for LU”LY(E.(Q hurvest for
DAL OV GLLGT srofiul o, i SUCH cases, bodh wvies of bencio o will
deve DO be Taciuaed in oahe anaiysis. O course, dny eéssociatod cocts
invoaved ra aevest uill nave 16 be suberacted, 1T roadside value for
‘ﬁL narvest o used dnsteen oF stowpane velue.  Proper allocation of tree
Sldrctie Costs iL Tt watecuned be”L‘1t: and the wood output benefits
i 11?*[~u;: SvoRunber procusiron the main objective ol the preject
WILO walersoed proves fion o restoracion o5 a secondary purpngp then
GG UTGCLYCa T G rte i wodhd Le Cu a.:OCaic the basic costs to the tim-
GOrLL RSLINVGE . ARY o e costs oF vegetation management (o achieve
L €Ot o e wntersied objective would be allccated to the wacer-
Ve COMpUrInL O ee progect. Swmidlariy. an the case of logging road
Y Lo et certann woltersheo conscrainis or objectives, the
COE 0T U At road €ose to et the Cimber out would be
SLLMIDLTRG tuoche Luaber elenent, woile the additional costs associated
it higner soandards Lo meet uhe watersned objectives would be
wiiocated te the weiorshed element.

In tne Cauve of g prindry wrpose watershed project, the cost of
tree planting o other acivitiag would be associated with the primary
purpose and oenafits, while timber benefits would be troated as secondary
ponetits. Az mentioned carlier, it 15 dmportant in such cases to remen-
ber to subtrecy eny secondary costs essociated with the timber production
Wi to the point of valuation of the timber (e..., stumpage level, deliv-
cred log Tevel, oo ).

Timing of Costs and Benefits--Presenting Cost
and Benefit Information

Most watershed projecte tend to be longer term projects in the
sense that the inputs occur over a considerable period of time and the
benefits accrue over an even longer period of time. Further, benefits
and costs arc constantly cnanging over time.

Amain oroplen 15 to develop & sound estimate of the timing of
the benefits.  Restoraticn preiects generally take time to implement.
Full proaucti;iiy i restored siowly in most cases. For example, if
trees are pianted onoé eeleriorated watershed, the full protective
effect on erosion control witl take some time to achieve.

i order wo weep track of the project essumplions re egarding the
build-uy Lo project beneiits and casts over time, it is cssential to
use apprupriate physical flow tables and, u]tim(LL]/, Dropor]/ designed
value flow tables. {Such tables are shown as Tables 3 and 4 in Example
2 in this paper.)
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Treatment of Uncertainty

Watershed related projects aroparticularly subject to great
uncertainty in terms of the values of costs and benefits used. Thus, 1t
is important that project appraisals include explicit treatment of un-
certainty. HNeither of the two cxampics presented carlier did so, and
that is perhaps a typical situation found in most economic appraisals.

There are some <imple techniques, sdch as sensitivity analysis
and break-even andlysis, which can be applied rather casily and cheaply
in most cases. Basically, sensitivity ana ysis involves varying assump-
tions concerning the vaiues of key parameters and then testing the
sensitivity of the chosen neasures of project worth to such changes.

A break-even analysis is aimed at identifying values of key parameters
which would switch the profitability of a project from acceptable to
unacceptabic levels.

SUMMARY AND CONCLUSIONS

The present paper presents an overview of some speciai problems
associated with economic analyses of watershed projects. The paper pre-
sents some examples and case studies of economic analyses of watershed
projects and provides insights into how the analyst can consider water-
shed elements when they are imposed as constraints on projects that have
other goals (c.g., wood production).

A question remains: What lessons and conclusions can be drawn
in terms of how the economist can work more effectively with hydrologists,
foresters, agronomists and other technical specialists in attempting to
provide improved analyses of watershed projects? Based on the discussion
in this paper and a review of a nunber of watershed project appraisals,
the following points are relevant in answering this question:

(1) In general, it would appear that the weakest link--or the
inajor problem--in carrying out an appraisal of a watershed pro-
ject relates to the identification and quantification of the
physical input-output relationships and the costs and benefits
involved. Once costs and benefits have been appropriately
tdentified and quantificd in physical terms, there do not appear
to be any special problems involved in valuing them and com-
paring them in terms of the measures of project worth commonly
used. With regard to this point, it would appear that there
are a lot more data available on input-output relationships
than is generally thought and used in projects. The problem

is that very littie has been done to bring this information
together in a pruetical form that can be used by the general
project planner. Thus therce s u need to spend a lot more time
and cffort in developing comparative studies and translating
highly technical information into practical gutdelines that can
be used by project planners.
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CHAPTER XII
INSTITUTIONAL
CONSIDERATIONS

INTRODUCTION

In essence, two sets of limitations dictate the degree of success
in watershed resources management. First, there are natural Timits
involving biological, physical and hydrological relaticships, which de-
termine the responses of watershed resources to a given management prac-
tice. (To a large extent, the materials presented in this syllabus are
directed toward considerations of these natural limits.) Second, insti-
tutional Timits to watershed resources management, which include Tegal,
social and c¢conomic concerns, are every bit as important as natural
Timits in the development of an effective management strateqy. Institu-
tional Timits, unlike natural Timits, are established by man to meet
specific condifions and, therefore, can be modified by man in response
to changes in legal, socioeconomic and political situations.

LEGAL CONSIDERATIONS

Perhaps the most important of the institutional limits to water-
shed resources management involves legal considerations, or limits
sanctioned by law. In specific, two primary areas of law must be re-
garded in the development of watershed resources management strategies:
Taws which address the ownership and use of water, and laws which reg-
ulate the use of land.

Laws of Water Qwnership and Use

Individual countries have formulated legal frameworks in which
laws of water ownership and use can be made. In general, these legal
frameworks have evolved in accordance with the development and subse-
quent utilization of the water resources in a country. While it is not
possible to generalize Taws which treat the ownership and use of water,
brief mention of the two types of water iaw applicable to the United
States may be of interest.
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In the -~astern part of the United States, the doctrine of riparian
rights, based upon comion law, prevails. Under riparian law, all of the
owners of land touching the lake or stream course of natural water have
the right to usc the water. 1L is important to note that with this
right, the use of waler by an owner cannot harm the equal right of any
other riporian owner: thus, upstream owners must insure that downstrean
Users receive water that is unchanged in quantity, quality and vegimen.
With the exception of withdrawal tor domestic use, any use which reduces
the right of other riparian owners is prohibited or requires compensation.

In the arid regions of the western United States, the doctrine of
prior appropriation has been developed to requlate water use. This doc-
trine of water use is different than riparian rights, in that it was
developed to quarantee water supplies where land and natural resources
are essentially worthless without water. Under prior appropriation, the
first to claim a limited water supply had the first right to its use.
However, the claimant was restricted to the amount of water he could use
beneficially. Any other person was entitled to claim water in excess of
a first claimant's use. Claims coul: be made for successive units of
unclaimed water unt:l the supply was exhausted. In times of short water
supply, the first claimant had priority to u.c the Timited supply, the
second had the next priority, and so on, until the supply was fully
appropriated.

A combination of riparian law and prior appropriation is used in
some states. Even in some states with the same basic type of water law,
details of application and interpretation often vary.

Laws Regulating Land Use

Laws regulating the use of land are also varied, with individual
countries formulating those laws appropriate to their needs. Many of
these laws are regulatory in nature; others have been designed to establish
public policy to insure adequate consideration of natural resource values
on watersheds. Again, a brief discussion of some of the more important
laws that regulate the use of land in the United States may illustrate
the purposes of such laws.

The Forest Preserve Law of New York State is an example of a
regulatory law that considers the importance of maintaining water yields
from upland areas for use by man. By this law, the Adirondack Park was
established in 1892, with the provision that the state-owned lands within
the Park be preserved, maintained and cared for as land open (for the
health and pleasure of all people) and as forest lands (necessary to the
preservation of the important rivers in New York). An amendment in 1894
provided that these state-owned lands should be protected from sale and
that the timber on these lands should not be sold, removed or destroyed.
Unfortunately, the restrictive nature of this law has prevented sub-
sequent applications of water yield improvement practices involving tim-
ber harvesting, a means of land management designed to relieve water



shortages.  Therefore, a well-intertioned law has somewhat prevented
attainment of the objective for which it was es-ablished.

As mentioned above, not ail of the Taws requlating the use of land
are restrictive.  Some of these Taws nave been formulated to set public
policy with respoct to vecognition of natural resource values on water-
sticds. Two of The wost dmportent of these are the "muitiple use laws”
Phal set policy dor he managerent ot public Tands in the United States
under the jurisaiction of the Terest Service and the Gureeu of Land
Fanadgement. Thougn weparale Taus exiob for each acency, these laws es-
Labiiioh nolicy for the wanagenent of public Tands so that ail of the various
natural rescurces iavolved (water, tinber, forage, wildlife, recreation,

o) b cunsidered in Lhe planning eifort.  However, these laws do not
precoribe the meons to meet planning goals; these decisions are left to
the roipective management acencies.

It should be clear thal a watershed resources manager must be
aware of all laws, both reqgulatory and permissive, applicable to his par-
ticulur oituation to do & proper job.

SOCTAL CONSIDERATIONS

In essence, legal considerations are "formalized rules" that guide
the conduct of watershed resources managers. Less explicit, but cqually
important, quidelines derived from other cultural features (tradition,
religion, folklore, /-0 ) also dictate the activities permitted by, or
depended of, these manegers.  As with Taws, these other social considera-
Lions must be reflected in the decision making processes. Failure to do
50 may lead Lo adverse reactions that can severely restrict operational
freedon.

Lt is beyond the purpose of Lhis syllabus to describe in depth
cranles wnere social considerations determine the options available to
watershed resources wanagers.  However, from the flood plains of the
Mekong River Basin in Southeast Asia to the fragile desert environments of
Lorthern Africa, situations can be found in which social patterns re-
strict the implementation of narticular management practices, What is
tmportant to remember is that Lo answer questions such as whether or not
an erosion obatement practice should be initiated, whether or not a flood
control reservoir should be constructed, ¢t.o., the cultural features
that characterize a society must be considered.

In cssence, 16 becomes the responsibility of a watershed resources
ianager to function within existing social Timitations or, if possible,
determine how these Timitations can be modified to achieve a desired
end. As social constraints arve often difficult to assess precisely and
because they ove not usually susceptible to casy solutions, inclusion
of these concerns in a management strateqy can casily be ignored: how-
ever, Lo do so would be folly. 1f sound watershed resources management s
not achieved, it may likely be the result of a lack of human understanding
rather than o lack of technological abiiity.
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ECONOMIC CONSIDERATIONS

Quite often, watershea resources managers must select the best course
of action in implementing a management practice, given a set of alterna-
tive plans. The decision of which alternative to select and implement
often requires cconoiic considerations. Although a part of the institu-
tional framework, econoinics involve certain patterns of rational analysis,
the techniques of which are well-established in wany situations.

No attempt wiil be made here to provide a review of economic theory
and practice. Furthermore, structures in which cconomic analyses are made
are often unique in a given country. Generalizations are difficult. Many
of the more general aspects of economic considerations in watershed re-
sources management have been presented clsewhere in this syllabus.

To make an cconomic assessment of alternative courses of action,
three gencral criteria are usually analyzed to form a basis of choice.
These criteria are:

(1) to maximize benefits;
(2) to maximize the returns on an investment; and
(3) to achieve a specified "production goal" at least cost.

It is conceivabie that no single course of action will satisfy all criteria
at the same time. However, analyses of these criteria should give the
decision maker a better understanding of the economic implications of
selecting a particular course of action.

To anaiyze the first two criteria, maximizing the benefits and the
returns of an investment, estimates of physical responses to alternative
management actions and associated costs of implementation must be known.
This information can be obtained from previous experience or, if the
course of action is newly prescribed, through simulation techniques. In
either case, the source data must be objective and representative of the
situation being studied.

To satisfy the third criterion, achieving a specified "production
goal" at least cost, goals must be established for various levels of pro-
duction. These goals are often set through value judgements made by water-
shed resources managers, coupled with long-range goals derived through
the political process. :



CHAPTER XIII

MODELING AND
SIMULATION TECHNIQUES

INTRODUCTION

Models, regardless of their purpose, are simply representations
of how some part of the real-world operates. Models are often essential
for the solution of complex problems, but models do not have to be com-
plex to be useful. In fact, models can vary in structure from simple,
logical statements, to network diagrams or to sets of detailed mathe-
matical equations. With the advent of present-day electronic computer
systems, the development and subsequent application of modeis has pro-
gressed quite rapidly.

In general, models may be deterministicor statistical. A deter-
ministic model shows a relationship between variables without any random
elements: a statistical model presents relationships between variables
in terms of probability distributions. Both types of models are useful
in watershed resources management.

Simulation techniques are used to reproduce the behavior of a
system in the form of a model that closely represents real life. Through
simulation, appropriate models are operated to obtain alternative solu-
tions to management problems. Simulation techniques do not necessarily
generate optimai solutions, rather they show alternative results that
allow an investigator to make a decision on the levels of inputs that
are best for a given purpose. Simulation exercises are normally carried
out on digital computers, since these exercises usually require much
calculation. However, the concept of simulation is not dependent on
electronic computers; simpler exercises can be executed without them.

[t is not the purpose of this syllabus to introduce the
details of wodeling and simulation techniques. Rather it is hoped that
the reader will gain a general understanding of how these methodologies
can be applied to evaluate the potential impacts of alternative water-
shed resources management.
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DEVELOPMENT OF MODELS

Models can be developed from source data in a number of ways.
One common approach is through linear regression analysis. With this
approach, the hest straight Line through a scatter diagram of source
data is calculated, with the independent variable regressed against the
dependent variable. The best Tine will facilitate prediction of the
dependent variable from knowledge of the independent variable. Statis-
tically, the line is positioned such that the deviations of actual de-
pencent values at observed independent value points from those predicted
by the linear regression equation (when squared and summed) are winimal.

Often, when source data are plotted in a scatter diagram, a
straight line is not the appropriate regression model to use. In
these instances, curvilinear (nonlinecar) functions should be selected
to represent the data. Again, regression constants are calculated to
minimize the sum of squares of the deviations of observed and predicted
dependent values.

In a curve fitting process, it is quite useful to use a regres-
sion model that expresses some natural relation between the variables.
Sometimes, knowledge of the behavior of the variables used in a rela-
tionship allows one to select one regression model over another.

From the multitude of regression models from which to chcose,
selection of the one to represent a given data set is somewhat of an
art. The person making the choice should be aware of the statistical
characteristics of various regression models, as this may reduce time
and costs required to arrive at an appropriate fit of the data. Knowl-
edge of the following regression models will often suffice for many
data sets encountered in watershed resources management: Tinear, poly-
nomial, logarithmic, semilogarithmic, and periodic. One, or some com-
bination, of these forms will usually fit the source data. However,
other regression models may be more appropriate in a specific case.

The assemblage of one or more appropriate predictive functions,
such as those defined by regression analysis, may allow for simulation
of a given system. Simulation of a system may be used to achieve the
following: examination of the response of a system to different inputs
and levels of inputs; determination of parameter sensitivity; optimiza-
tion of system design; observation of the effects of system modifica-
tion; evaluation of overall performance and suitability; and assessments
of subsequent development in a system and collection of any required
support data.

With the advent of computer equipment has come the synthesis of
computer simulation techniques. Mathematical models that were previ-
ously interpreted manually can now be analyzed cn a computer, allowing
the models to be operated rapidly. Consequently, models can now be
increased in complexity and sophistication. This increased speed of
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computation facilitates the use of modeling techniques seldom used before
due to their excessive time requirements.

In computer simulation modeling, mathematical models of a system
are constructed. These modeis are then translated into a set of instruc-
tions in a highor orde computer language, such as FORTRAN {FORmula
THANsTation). Modeis expressed in a computer ianguage are entered into
2 computer and the appropriate descriptive or input data are introduced.
then, through "solutions” of the models, output that predicts system
response 1s obtained.

For case c¢f operation, many nmodels require input data introduced
to them through answers to questions posed to the user by the program.
These are termed Jitoraetive modele, in contrast to nunbers on cards or
assemblages of data records which are input to patch or noninteraciive
models.

Computer simulation modeling is widely used in many fields of
science, largely due to the savings of time and cost associated with it,
and the flexibility it exhibits as an analytic tool.

WATERSHED RESOURCES STMULATION MODELS

A group of interactive computer simulation models has been de-
veloped to aid natural resource managers estimate the impacts of land
managenent practices or. ecosystems. The g¢roup includes three general
modules: WATER for assessing streamflow yicld, sedimentation and chem-
ical quality; FLORA for estimating responses of vegetation (e.q., for-
est overstory, herbaceous understory, cite.); and FAUNA for evaluating
wildlife habitats, carrying capacities (wild and domestic), and popula-
tion dynamics {Figure 1). A command system enables users to operate
all modules through a common language written in straightforward user
terminology. This design provides flexibility in representing manage-
ment activities by cperating selected modules interactively.

The computer simulation models have been designed to bhe used by
resource management professionals at remote locations to obtain reli-
able predictions using readily available data and modest computer equip-
ment. To date, models have heen developed to evaluate the effects of
silvicultural practices on forest ecosystems. The methodology is
readily adaptable fo the severe problems of shifting agriculture, fuel-
wood xrvesting, and forest grazing practices which prevail on the
upland wa.ersheds in most of the developing nations. This project will
modify and adapt the procedure to these problens.
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on a forest floor, are entered directly by the user or generated by
other models. The other data input needed, streamflow yield, may be
obtained from YIELD. The program outputs the maximum concentration cf
suspended sediment each day, the maximum streamflow discharge, and the
total weight of suspended sediment produced under alternative silvicul-
tural management practices simulated.

Chemical Quality

As an initial attempt at developing a modular component to pre-
dict the chemical quality of streamflow, a simulator has been devised
to estimate maximum concentrations and daily volumes of selected dis-
solved chemical constituents. This component of WATER, called CHCM, is
specifically aimed at describing the chemical quality of discharges
from watersheds in forest ecosystems (Figure 4). The primary "driving
variable" is streamflow quantity, the magnitude of which will often
vary with alternative silvicultural management practices. This input
variable can be entered directly by the user or obtained from outputs
from YIELD,

Presently, thirteen constituents are estimated with the CHEM
framework: calcium (Catt), magnesium (Mg*t), sodium (Na*), chloride
(C1-), sulfate {SO4), carbonate (CO,), bicarbonate (HCO3), fluoride (F7),
nitrate (N03'), phosphate (P0g), to%a] soluble salts, hydrogen ion (pH),
and conductivity. Efforts are underway to include other water quality
parameters, such as heavy metals (Zn, Fe, Cu, Pd, Cd, ete.) and dis-
solved oxygen.

FLORA MODULE

The FLORA module consists of computer simulators that predict
the growth, yield, and diversity of forest overstories, the production
and (to some extent) composition of herbaceous understories, and the
development and accumulation of organic material on the forest floor.

Forest Qverstories

The component simulators designed to estimate the growth and
yield of forest overstories generally fall into two categories: first,
models that are broadly structured to represent a wide variety of tree
species (or tree species groups); and second, models that are specif-
ically structured to represent a particular tree species (or tree
species group).

Within the first category, three simulators have been developed,
or are presently under development. These simulators, called TREE,
STAND and FOREST will estimate the growth and yield of an individual
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tree, a forest stand (by definition, a community of trees possessing
sufficient uniformity in composition, age, spatial arrangement, or con-
dition to be distinguishable from adjacent communities), and an entire
forest property, respectively.

TREE is an interactive modification of a computer model that
simulates the growth of an individual tree from knowledge of diameter,
height and volume. In addition, one can easily see how individual tree
growth is influenced by tree size and age. While this is not a new con-
cept in forestry, the approach exemplified by TREE differs from that of
others who have employed mathematical formulas to simulate tree growth
phenomena.

The primary reason for including TREE in the group of models is
to analyze changes in tree growth influenced by alternative silvicul-
tural management practices. Such assessments furnish direct insight to
the understanding of the dynamics of even-aged and uneven-aged forest
stand developments.

STAND, is structured to estimate the growth and yield of forest
stands comprised of single tree species or a mixture of tree species
(Figure 5). 1In essence, the mensurational input to STAND involves the
simplification of stand projection methods applicable to uneven-aged
forest stands.

The simulation objective of SIAND is to predict the growth
(both gross and net) and yield of forest stands prior to and, if appro-
priate, following the implementation of various silvicultural manage-
ment practices. Inputs to this modular component include a listing of
trees per hectare by size class, and associated diameter growth rates
and volume expressions. As management is prescribed to change these
inputs, posttreatment growth and yield are interactively generated.
Silvicultural management practices that can be simulated within STAND
represent an array of viable options for the different forest stand
compositions being considered.

Outputs derived from STAND, including summaries of basal area
levels through time prior to and following a management redirection,
are readily used by other modular components.in FLORA and others. As
the manipulation of forest overstories is a primary management activity
affecting many aspects of an ecosystem, such interfaces among modular
components are critical to realistic simulation of an ecosystem's over-
all behavior.

FOREST is being assembled as an interactive version of other
general computer models that have been structured to simulate the
growth and yield of single or mixed tree species, and even-aged or
uneven-aged forest properties. This modular component addresses topics
of forest growth and yield such as seed production, dispersal and ger-
mination, as well as competition, mortality and stocking manipulation
by man.
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In concept, inputs to FOREST include a set of real or generated
tree locations and associated tree characteristics. Each tree is then
grown for a specified number of projection periods, based on potential
growth functions wodified by competition measures synthesized from
relative tree size, crowding and shade tolerance. Mortality is gener-
ated conjecturally and depends, in part, upon the competitive status of
the individual trees. Reproduction is represented by simulatirg seed
production and germination and, if appropriate, sprout production from
the forest overstory. Numerous site alterations and harvesting options
can be specified as the forest develops over time. Outputs from FOREST
will be in the form of periodic tables displaying data on stocking,
mortality and yield for an array of primary wood products and total
biomass.

There are many examples of simulators designed to estimate the
growth and yield of a particular tree species (or tree species group).
In using these models, users generally initialize the model by select-
ing prestored stand tables, by entering tallies from point sample in-
ventories, or by entering the number of trees per hectare by size class.
Then, harvests can be specified at intervals through a sequence of ques-
tions and answers to meet a particular management objective.

In addition to computer simulators that predict growth and
yield, a modular component is under development in FLORA to estimate
the diversity of (and within) forest overstories. This component,
called DIVER, has two primary options with respect to manipulations of
forest overstories: clearing and thinning. The clearing option derives
a diversity index that represents the edge irregularity of a clearing
(or other type of forest opening). The thinning option calculates a
diversity index that represents the proportion of an area that is
stocked to different forest density levels.

The diversity index derived by the clearing option is based on
a previously reported analytical model that quantifies wildlife habitat.
The geometric shape with the greatest area and the Teast perimeter or
edge is a circle. If the ratio of circumference to area of a circle is
arbitrarily given in index of 1, a formula can be used to compute an
index for comparison of any area with a circle. The higher the index
value is above 1, the greater the irregularity, and, by definition
within DIVER, the greater the diversity.

In the thinning option, the calculated diversity index is ob-
tained through solutions of forest stocking equations that are devel-
oped for the particular forest type and size class distribution being
evaluated. Stocking equations define curves which describe the propor-
tion of a forest area (the dependent variable, expressed in percent)
that is stocked to minimum basal area levels (the independent variable).
Values that represent minimum basal area levels for alternative silvi-
cultural management practices are the required inputs to the simulator.
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Herbaceous Understories

A computer simulator has been structured within the FLORA module
to estimate herbage (all understoryv species) production from knowledge
of forest overstory parameters, precipitation amount, and if appropri-
ate, time since the implementation of a silvicultural management prac-
tice. Depending upon the particular simulation objective, a user may
operate this component, called UNDER, individually or as part of another
model (Figure 6). 1In the latter instance, outputs fram other modular
components in FLORA and other modules in the aroup are utilized as in-
puts. An interactive language is used in either case.

Many of the previous attempts at develoeping computer simulation
techniques to estimate herbage production have been dependent, primar-
ily, on input variables depicting forest density conditions. While
this approach remains viable and has been utilized in seveial UNDER
subroutines. the herbage production simulator will eventually also
utilize knowledge of forest overstory growth. Estimates of herbage
production that are based on knowledge of this variable appear consis-
tently of higher precision than those based on knowledge of forest

density alone.

Subsequent additions to UNDER will facilitate partitioning of
simulated herbage production into (at least) three categories: grasses
and grasslike plants, forbs and half-shrubs, and shrubs.

Organic Material

Two modular components describe the development, accumulation
and distribution of organic material on a forest floor. One component,
referred to as FLOOR, estimates the accumulation of tree leaves and
needles (by layer of decomposition) on a forest floor at a point-in-
time, the rate of cocumulation with respect to time, and the spatial
distribution in space. Other components called CROWN and BOLE predict
the magnitude of tree crown and branchwood accumulation, respectively,
associated with alternative silvicultural management practices being
simulated. These models may be executed individually or as part of
other models.

FLOOR s an interactive component which outputs parameters that
describe the deveiopment, accumulation and distribution of tree needles
and Tleaves as a function of forest density levels (usually expressed as
basal area) for different management practices (Figure 7). In terms of
accumulation at a point-in-time, the following individual layers are
considered: litter, fermentation, humus and total. To date, the rate
of Titter accumulation is the only FLOOR simulation outlput that pro-
vides a time dimension. Regarding spatial distribution, only the total
forest floor (all layers) is represented.
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CROWN and BOLE are intended to present knowledge of tree crown
and branchwood volumes by area for a given forest stand prior to the
implementation of a silvicultural management practice. These volumes
provide a reference point to assess the quantity of tree crowns and
branchwood that will occur as logging residues on the forest floor
after a management treatment.

FAUNA MODULE

The FAUNA module includes interactive computer simulators that
describe the habitat quality for a variety of animal species, the po-
tential animal carrying capacity of an area, and the dynamics of se-
lected animal populations within specific ecosystem situations.

Habitat Assessment

Simulators that assess habitat quality fall into two categories:
models broadly structured to represent a variety of animal species (in-
cluding game, nongame and domestic) and models specifically structured
to represent a particular animal species.

An example of a modular component in the first category is
HABRAN (HABitat RANking) (Figure 8). In essence, this comporent syn-
thesizes ranked response predictions which, in turn, can be summarized
and arrayed as pattern recognition models. Within HABRAN, animal hab-
itats are assigned numerical values ranging from O to 10, with habitat
quality in an ecosystem increasing with numerical value. The specific
assignment of these values is achieved through analyses of functions
that relate habitat preference to readily available inventory-
prediction parameters, the magnitude of which are altered by alterna-
tive silvicultural management practices. By comparing numerical habitat
quality values for existing conditions with those predicted for habitats
modified by management redirection, either an increase (+), a decrease
(-), or no change (0) is determined. Then, a matrix of pluses, minuses
and zeroes arrayed for all animal habitats and management alternatives
of interest (by definition, a pattern recognition model) can be dis-
played to provide insight into comparative management impacts.

The HABRAN component of the FAUNA module is, in a sense, a
first-level-of-interest assessment of the impacts of alternative silvi-
cultural management practices. In many instances, this sort of analy-
sis may be all that is required. However, if estimates of carrying
capacities and animal distritutions are needed, other modular components
may be called into play.

Many simulators exist to represent habitat quality of a partic-
ular animal species. In most instances, changes in food, cover, and
diversity resulting from the implementation of a silvicultural manage-
ment practice are used to simulate changes in the rating of habitat
quality.
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Animal Carrying Capacity

In the modular component that has been structured to predict ani-
mal carrying capacity, referred to as CARRY, herbage production (entered
as a direct input by the user or obtained from the herbage production
simulator) is partitioned into usable forage for domestic livestock and
wildlife species (Figure 9). Appropriate plant species to include 1in
each forage component were ascertained from existing literature relevant
to the preferred foods for these animals, along with information about
appropriate cr proper utilization percentages.

It has been assumed that the proper use factors to be applied
in CARRY will be introduced by the user in an attempt to meet specific
management objectives. It may he necessary, for example, to reduce a
proper use factor on a particular range that has been subjected to pro-
longed overgrazing pressures. As baseline information relating to proper
use factors increases, the ability to predict carrying capacities will
improve accordingly.

The amount of usable forage required per animal unit month (AUM)
for the animal species being considered is input directly by the user.

With respect to the number of months that domestic livestock and
wildlife species will actuaily be consuming forage on any tract of range-
land, this value is quite variable depending, in part, upon weather fac-
tors that characterize the particular ecosystem and year of simulation
(time of snowfall in the autumn, time of snowpack disappearance in the
spring, ete.). At best, only estimates based on local kncwledge of aver-
age situations in the long run can be made. However, to provide a point-
of-departure in utilizing CARRY, specific forage consumption time dura-
tions have been selected. It should be emphasized that the user can
readily override these defauit duration values to more accurately reflect
local conditions if better information is available.

At this time, relatively little can be said about possible con-
straints that may affect the distribution of animals that are considered
by CARRY. While it is known that various factors may restrict (or at
least modify) animal movement, explicit jdentification and subsequent’
quantification are currently difficult. Conceivably, portions of a
tract may be eliminated from use because of movement constraints (physi-
ography, fences, etec.), vhich may necessitate appropriate reductions in
animal stocking rates,

The effects of alternative silvicultural mangement practices on
animal carrying capacities of a given area are primarily evaluated
through predictions of changes in the level of herbage production. As
forest overstories are reduced in density, a corresponding increase in
herbage production commonly occurs. The increased production of herbage
is then partitioned into forage which, in turn, is converted into AUM
values that are distributed over the range.
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Population Dynamics

Although still in the formulative stage, an interactive popula-
tion dynamics model, called DYNAM, is intended to predict the impacts of
silvicultural management practices on the reproduction, growth, morta.-
ity, and structure of selected animal popuvlations. iore specifically,
this modular component is to predict the manner by which a given popula-
tion, specified by the user as reflecting existing conditions within an
ecosystem, will respond to changes ir food, cover and diversity that
are attributed to management redirection.

THE COMMAND SYSTEM

The command system of the group of watershed resources simula-
tors is largely dispersed into the respective modules. In fact, there
is 1ittle evidence of a main command system in the overall operation of
the group of models. Initial selection of the modules and components to
be used and subsequent assignment of default values needed in the opera-
tion are handled by the command system. Also, timing and sequencing of
operation of individual modular components are carried out by the system.
Additionally, summary displays (tables, graphs, maps, ete.) of the simu-
lation results are achieved through the command system.

A1l of the modules in the group have been structured to have
three modes of operation: initialization, cycling in time and summariza-
tion. In the initialization mode, all needed data are either introduced
directly by the user or entered from stored files. The second mode of
operation is a cycling in time of the processes being simulated (daily
streamflow, yearly forest growth, eta.g. Finally, the third mode of
operation is summary and, if appropriate, other activities at the end of
a simulation problem.

When a user informs the command system which modular components
are to be operated, he also states when they are to be used in the
simulation problem. For example, the component CHEM may be required to
operate orly in the fifth year of simulation, while all other components
may be operated every year. The command system stores this directive
and acts accerdingly.

The entire system is designed to operate with minimal input data.
Default values are offered with nearly all of the interactive questions
posed so that, whether or not the user has the required data or reason
for overriding the default values, simulation can still proceed. Simi-
larly, if a module or component is not directly included in a simulation
problem, default values are loaded into the system to provide estimates
of needed parameters normally obtained as output from the unused modular
components.
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After tne system cycles through the specified number of simula-
tion years, individual models are entered into the summary mode of oper-
ation. Any needed computations to allow display summaries of the opera-
tion to be output are done at ithis point. Outpul sumraries may be
obtained either on a local computer terminal o at a central computer
location. These summaries may be briet or detailed, depending upon the
user's need. In general, the parameters shown arec representative of
the various modules and components used in the problem. If a cowponent
is not used and default data are utilized, the paramecters for the unused
component will not alter the display.

FUTURE DIRECTIONS

Future work in the development of computer simuiation models
designed to assess the inputs of Tand management practices will follow
two directions: synthesis of other modules and componentsc. and exirapo-
lation of the interoctive system into other forest and range ecosystems.

While in various stages of development, severa‘ other moduies
and componerits are recognized as part of the group of computer models.
For example, to facilitate overall planning with respect te a particular
simulation probiem, a module called PLAN is being structured to genevate
a PERT network uf activities necessary to reach an obiective. Another
module, referred to as AREA, calculates the adjusted surface area of
management units within an ecosystem, correcting for sloping or broken
terrain.  As knowledge of site quality is required as input to some modu-
tar components in the group, a module called SITE i< under development to
generate site quality directly (through estimation of site indices) or
indirectly (through analyses of plant indicators, physiography, soil sur-
veys, «éz. ). Outputs from this module will describe productivity poten-
tials for both forest overstories and herbaceous understories.

To evaluate depth and quality of view within an ecosystem in
terms of current and, if appropriate, anticipated conditions, a module
named SEEN 1s being evaluated as part of the group. Another module,
called FIRE, predicts the probability occurrence of wildfires or given
intensities from knowledge of fuel properties and sequencing of meteoro-
logical events; tnis module also estimates the impacts of fire on an eco-
system. SNOW is a module that interactively simulates the dynamics of
snow pack accumulation and melt within forests comprised of trees in
varying spatial arrangements. ROAD allows for predictions of sediment
loads resulting from the construction of roads with alterrative design
criteria.

To furt'er aid nanagers and planners in analyzing land use alter-
natives, a mod-.e that {-..ilitates the development and subsequent display
of basic production economics models (production functions, product-
product relationships, -¢e.) has been synthesized. This module, referred
to as ECON, also includes components that represent various LP and Goal
programming techniques. Other modules and components will be considered
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within the group to more completely provide socio-economic simulation
capabilities.

The primary emphasis in the initial developmental work on the
group of models has been placed on simulation within forest ecosystems
‘in the United States. Current plans are to extend thic work into other
forests and, as the need arises, into range and arid ecosystems.

Many of the modular components in the group that have been syn-
thesized only require "lccalization" of coefficients for use in other
ecosvstems. Other models, particularly those structured to represent
an explicit plant or animal species, are only appropriate for use in
simulating those ecosystems in which they occur and must be repiaced by
other species-specific models that characterize other ecosystems under
consideration. However, even here, replacement is relatively easy
within the overall structure of the command system.
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CHAPTER XIV

ENVIRONMENTAL
MONITORING

INTRODUCTION

Understanding the impacts of watershed resources management policies
and providing significant input in formulating move effective watershed
resources policies requires long-term ervironn atal monitoring. A program
of long-term envirgnmental monitoring must zudress basic scientific ques-
tions and ecosystem functions as well as policy, human health, and safety
issues. For the purposes of this syllabus, reference to environmental
monitoring shall mean the process by which selected environmental variabies
are systematically observed, measured, and interpreted for defined purposes.
Such purposes will be directed toward describing the state of an environ-
ment and identifying trends.

NEED FOR LONG-TERM MONITORING

In 1971, the Scientific Committee on Protection of the Environment
(SCOPE) reported that the imperfectly understood cause and effect relations
and environmental budgets of many substances had given rise to important
questions relating to the complex interactions between man and his bio-
environment. Turthermore, it was recommended that a program be initiated
to obtain a picture of how all of these processes occur, the rates at
which they take place, the timing and nature of equilibrium situations,
and their effects on man and the 1ife-support systems of air, water, soils,
climate, and biota. Also, a need to develop mathematical simulation models
of environmental interactions that can predict the results expected from
varying types and deqgrees of remedial actions was recognized. The capa-
bility of advance-warning before an adverse situation becomes irreversible
is absolutelv essential.

The United Nations taviromment Program (UNEP) stated in 1977 that
an ecosystem is best considercd as a total concept with the natural re-
sources its components. Soils, air, water, animals, plants, and other
genetic resources combine to form ecosystems in which the fate of individ-
ual resources is bound with that of others and of the ecosystem as a whole.
Problems in an ecosystem can be examined within the context of the ecosystem
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itself or by considering natural resources occurring widely in different
ecosystems. At the same time, the intricacies of ecosystem functions de-
mand a specific and quantitative approach to the solution of problems
brought about by imbalances in the systems.

In general, timely and accurate data from long-term monitoring
projects are invaluable to agencies managing their lands within certain
quidelines. Yet, seldom is there sufficient knowledge about an ecosystem
to totally assess the impacts that a given land management practice may
exert. For example, fire was long considered contrary to the concept of
conserving an ecosystem. However, after long years of scientific study,
it is now understood that fire can play a critical role in ecological suc-
cession and, in some cases, should be allowed to run its natural course.

There is an increasing need to know the effects that actions such
as timber harvesting, livestock grazing, or controlled burning will have
on future uses of land. Long-term environmental monitoring clearly pro-
vides one solution to better land management and is in the interest of
any country's future.

Recently, a framework for int-cnational long-term environmental
monitoring programs was identified by UNESCO's Man and Biosphere (MAB)
Program. Under the monitoring framework astablished by MAB, countries
are able to emphasize nationally important subject areas and implement
monitoring programs at a levei necessary for sound decision making.

In Scandinavia, scientists have long monitored atmospheric depo-
<ition in their countries to determine the offects of decreasing pH lev-
els and to better understand long-range atmospheric transport. The World
Meteorological Organization (WMO) has a global network of weather sta-
tions that monitor atmospheric conditions, including pH levels. Recently,
the United States has begun to monitor atmospheric depositions due to a
concern over the apparent trend toward a lower piH in northeastern and
northcentral regions of the country. Within the framework of the MAB
environmental monitoring program, a schemical” monitoring effort has
been initiated to provide data on which to base air pollution control
laws and to better understand the issues of atmospheric transport.

Recognition is made of the fact that some countries may have min-
imal interest in atmospheric deposition, while being quite concerned
about other facets of their environment. Under such conditions, individ-
ual countries may choose to emphasize subject areas that help them better
understand and quantify the interactions between man and his environment.

DATA MANAGEMENT

Information and data exchange are obvious requirements if the re-
sults of an environmental monitoring program are to have wide benefit.
Numerous informatiocn and data exchange systems exist. For example,
UNESCO uses a computer-based system to provide continuously updated in-
formation relating to MAB studies in many countries. UNEP uses national
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focal points in its International Referral System (IRS) to link the source
of information with requests from throughout the world.

Before a long-term environmental monitoring program is bequn,
basic questions regarding data management must be resolved. Determina-
tion of user groups, hierarchical options, analytical ethods, biblio-
graphic files, . . wust be addressed. Proper management of large masses
of source data in itself can contribute to scientific advances, as hap-
pened in several instances with the International Biological Program
(IBP). There is a rapidly growing trend in the scientific community to-
ward reanalyzing data using newer concepts. Therefore, the availability
of monitoring data, both historical and current, plays a critical role in
filling important data geps and allows other scientists to broaden their
monitoring efforts.

Information and data exchange systems have reached & point such
that they can be designed 80 to 100 percent complete in terms of storage,
access, quality control, analytical capabilities, and editing prior to
entry of the first data item. With proper design, data ~oming from 100
monitoring stations to a central facility with terminals or mini-computers
at the monitoring site would require no more perscnnel at the facility
than that coming from 10 stations.

IMPLEMENTING A LONG-TERM ENVIRONMENTAL
MONITORING PROGRAM

Using the long-term environmental monitoriny framework estab-

Tished by MAP as a guideline, a philosophy upon which a monitoring pro-
gram should be developed consists of three fundamental precepts. First,
Tand managers and policy makers would be in an improved decision making
position if better basic information were available to them on a timely
basis. Second, a great deal stands to be accomplished through increased
cooperation between the many organizations which conduct ecological mon-
itoring and research activities. Finally, there arc processes occurring
in the natural environment which can only be understood through an exam-
ination of Tong-term data sets.

The underiying theme behind development of a long-term monitor-
ing program is to determine a process which provides increasingly sopnis-
ticated amounts of information relating to the interacticen and sensitivity
of an ecosystem. Therefore, a "state-of-knowledge" is necessary to ac-
quire gross levels of data on features such as surface water, topographic
maps, land use maps, soil and geclogic conditions, ci-. With the es-
tablishment of a "state-of-knowledye,”" various parameters may be iden-
tified as significant to the ecology or to the human management of an
arca. In some cases, the parameters may be specific to the area or the
surrounding area (such as a declining species) while they are of global
significance in other areas (such as the Co, cycle).
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Recognizing the importance of environmental monitoring and using
the MAB framework as the basis, four oroad subject areés relevant to a
Tong-term monitoring program can be identified: biological, geophysical,
chemical, and anthropological.

Among the biological topics to be censidered in an environmental
monitoring program are flora and fauna species checklists, descriptions
of bintic populations and communities, and quantifications of ecosystem
processes and dynamics (Table 1). Geophysical topics include measure-
ments of precipitation, air temperature, and streamflows; descriptions
of soil types and associated physical and chemical properties; and esti-
mates of areas or volumes of landslides, intensity and extent of wind-
storms, ete. (Table 2). Chemical monitoring topics involve the
detection of pollutants and measurements of natural substances through
the examination of critical components in the atmosphere, precipitation,
streamflow, soil and litter, and vegetation (Tables 3). Anthro-
pological monitoring inciudes the assessment of demographic character-
istics o an area, land ownership patterns, legal and institutional
structures, ete. (Table 4).

GUIDELINES AND STANDARDS IN ENVIRONMENTAL MONITORING

As may be expected, long-term environmental monitoring pro_vams
can assume different levels of sophistication. Depending upon the spe-
¢ific objectives in a country, guidelines and standards to monitor an
ecosystem should provide a flexible progression from a minimum level of
monitoring effort to an extensive and intensive monitoring program.
Monitering of a particular area should be trailored to meet the specific
needs of the area.

To provide a basis for the design of a long-term environmental
monitoring program, the framework established by MAB can be considered
as broad guidelines and standards. Here, three levels of monitoring
have been specified, ranging from the least sophisticated and technologi-
cally intensive (level one) to the most sophisticated and technologically
intensive (level three).

While level three is the most sophisticated and technologically
intensive, it does not necessarily represent the "hest" approach to a
particular monitoring effort. If adequate and reliable source data can
be obtained by simpler monitoring techniques, they whould be used. In-
deed, it should be noted that many of the elements at level three may be
projects of limited duration, possibly repeated at intervals as long as

five years apart.



Table 1. Biological topics in an environmental monitoring program.

Types of Data

Level QOre

Species

Populations/
communities

Ecosystem
processes

Ecosystem
dynamics

List of vasczular plants
& vertebrate animals

Significant species (rare,
endangered, extinct,
economic, exotics)

Relative abundance {rare,
cowmon, abundant) of
major vertebrate and
vascular plant species

Major communities

Low level aerial photos
ERTS imagery

Level Two

Level Three

Habitat preference

Geographic uist,ibuticn

Residence status (migratory,
permanent, ephemeral)

Reference collection

Trophic level-major species

Annual census majcr species
1-3 permanent plots
Low level aerial photos (100m)

(5 yr cycle) on seasonal
basis

Estimate net productivity

(major producers)

Composition (major vegetative

communities)

Inventory endemic plants
and anim:1 species

Identify & monitor indi-
cator species for
pollutants, growth rates,
habitat requirenents

Archive select plant &
animal tissues

Population dyramics major
vertebrate species

Quantify distribution and
abundance major plants
and animals

Describe ecosystems within
Reserve

Moniter for changes in com-
pesition, trophic organi-
zation, and diversity

Pernanent plot system

Groundtruthing

Successional patterns
Energy flows

Nutrient and

System respiration
Nutrient retension

System shifts
Gene pool diversity
Genetic drift

L0¢



Table 2, Geophysical topics in an enviornmental monitoring program.

Typeélpf Data

tevel One

Leve] Two

Ltevel Three

Event/occurvence

Meteorology

precipitation

air temperature

Geology/Geo-
morphoTogy
coastal

permafrost

Hydroloqy

s treams
lakes/streams

wetlands
groundwater

Soils

Geochemist
precipitation
soils
water

surface

ground
physical water

quality

Recording and where possible

» quantifying unusual geological, geophysical or meteoro-

logical events, such as mass wasting, earthquake, windthrow, ete.

Monthly storage

Daily max/min

Geological map - - - -~ - - -
Morphology - ~ - = - - - - -

Inventory perennial & inter-
mittent streams

Perennial or intermittent
ice free dates

Scil type map
Rooting depth

pH

Temperature

Daily or weekly storage

Standard weather station to
include shortwave solar, &
recording hygrothermograph

Stage neight at rated cross
section

Stage height, inlet/outlet
discharge

Seasonal depth measurement

Grganic content
Mechanical analysis
Physical analysis
Infiltration rate

Cation exchange capacity
N03. K, P04. P

Turbidity, color

Recording gages along
precip. gradient:

Recording weather sta-
tion compatible with

WMO network
Geolegical map at

1:24,000
Minerology of parent

materials

Channel characteristics

Automatic gaging
Automatic gaging

Automatic gaging
Map groundwater resources

Water holding character-
istics

Soil/water erodibility
indices

Soil productivity
{composite index)

Total dissolved solids,
suspended and bedload

20¢



Table 3. Chemical topics in an environmental monitoring program.

[~ o—

fevel ine

Atmospheric deposition

Atmospheric

Surface e e e Surface Accumulation-animals, e

Measurement Rainfall waters et {rain) Dry (dust) waters soil, litter, vegetation Gasses Particulates
pH 4 X X X X
fond, X X X X
504 X X X
) X X X
PO,
o X X X
NO3 X X X
nu,

a X X X
r* X X X
tla X X X
cat? X X X
Mgt X ¥ X
Ha X X X X X
b X X X X
cd X X £ X
As X ¥ X X
c
“02 b4
03 X
Ltevel Three
Trace metals X X b4 X X
Top X
Benzopyrene X X
1 hydrocarbons b ! X X

£0¢



Table 4. Anthropological topics in

an environmental monitoring program.

Types of Data

Level One

Level Two

Level Three

Map

Activities

Ownership

Demography

Animals

Legal

Education

Devalopment

Benefits

Land use map (every 5 years)

Human activities (farming,
trapping, hunting, mining,
recreation, forestry, indus-
try, ete.)

Land ownership
public (area)
private (area)

Human population (#)
residents
neighbors
visitors

Pets species

Livestock by
Other domes tic}

Acts as
Regulat‘aons} affecting
Policies reserve

Research & training
activities by type

Public facilities, infra-
structure, services {sewer
water, electricity, roads,
hospitals, campgrounds

Benefits derived by man

Quantify (yield/acre, visits,
eccromic species yield, board
feet, tons, miles, etc.)

Public-area by agency
Private-area by size class,
§ of owners

Age/sex distribution

Diet

Educational levels

ilealth {incidence of disease)
Housing (type, location)

Quantify (#)

Management plan
Management activities (type,
extent, frequency)

Quantify

Support (faci ities, budget,
staff)

Quantify

* Locate on map(s)

Quanti fy

Inputs (fertilizer, pes-

‘ticide)

Qutputs (yield/area)

Private names of owners
by area

Per capita income

Physiological parameters

Origin of visitors
(nationality, #)

¥0¢
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CHAPTER XV

WATERSHED RESOURCES
MANAGEMENT IN THE
MULTIPLE USE CONCEPT

INTRODUCTION

Watershed management is simply a component of the overall manage-
ment plan and system to the wildland administrator actively pursuing a
multiple use Tand management. Similarly, timber management, range manage-
ment, and wildlife management are comnonents of the management scheme.
[n many instances and situations, one or two of the wildland resource
products may prevail due to local demands. However, even when one tree
or a stand of Limber is cut for sawtimber to attempt to increase water
production, herbage nroduction and aesthetic and recreational values
will almost certainly be affected. Therefore, to effectively and
efficiently practice one component of multiple use management, such as
watershed management, the wildland administrator must be aware of the
associated wildland resource management implications.

THE MULTIPLE USE CONCEPT

In almost any discussion of wildland management problems, mul-
tiple use maragement is cited as a guiding principle. At times, one
gets the impression that multiple use is a cure-all for all the prob-
lems of wildland administyration. However, while there has been little
difficulty in gaining general acceptance of the multiple use concept,
it has had far less success as a working tool of management. Most people
concede that timber or water production is not necessarily the sole
production function of wildlands, and that forage, wildlife and recrea-
tion should be considered in management decisions. But how much
managerial effort should be allocated to each potential land use is
a problem that wildland administrators have not always been able to
resolve. Reconciliation of conflicting interests continues to be an
important responsibility of wildland management agencies,
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MEANING AND OBJECTIVE OF MULTIPLE USE

The term multiple use may be applied either to areas of land or
to particular wildland resource products. When applied to land areas,
multiple use refers to the production and management of various resource
products or resource product combinations on a particular land manage-
ment unit. The relation of several resource products on a management
unit to one another may be competitive, complementary, or supplemen-
tary. competitioe relation exists between resource products when one
must be sacrificed to gain more of ancther, as may occur between timber
and water or between timber and forage. In complementary relations,
both resource products increase together, as may occur between forage
and water once the timber has been removed. A supplementary relation is
one such that changes in one resource product have no influence on
another, as may take place with livestock and wildlife within limited
ranges or changes in forage production.

Conceivably, the relation of several resource products to one
another on a particular land management unit may be competitive, com-
plementary i/ supplementary, depending on the area of management con-
cern. In this situation, it is important for the wildland administrator
to know what area of management concern confronts him. For example, if
working with a supplementary relationship between timber and water,
the administrator may not be able to influence water production by
altering timber production (Figure 1).

When applied to a particular wildiand resource, multiple use
refers to the utilization of the resource products for various purposes.
Water may be utilized for irrigation, industry or recreation. Timber
mav be used for lumber, pulpwood, o~ Christmas trees. Forage may have
value as feed for livestock and wildlife, or for watershed stabiliza-
tion. Here again, the utilization of resource products may be compe-
titive, complementary or supplementary.

In practice, multiple use management involves both the multiple
use of lana areas and of particular wildland resource products. Demands
on particular resource products (water) for specific uses (irrigation),
in turn, place demands on the land where the resources are produced
(watersheds).

The basic objective of multiple use management is to manage
the wildland resour=ze product complex for the most beneficial combina-
tion of present and future uses. The idea of maximizing the benefits
from a given resource product base is not new, but it has become more
important as competition for limited and interrelated resource products
increases.

The multiple use concept as described by law does not neces-
sarily demand that every land unit in question should be utilized for
all possible uses and resource products simultaneously. Instead, most
public wildlands are utilized, to varying degrees, for a wide array
of uses, as dictated by productivity and demand.
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A hypothetical relationship between water and
timber production on a land management unit,
iTlustrating competitive, complementary, and
supplementary relations. It is imperative that
the wildland administrator ascertain which re-
lation confronts him before implementinag a land
management redirection. Here, for example, the .
administrator will not be able to influence water
production by altering timber production if op-
erating in area "a" or "p."
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Multiple use land management of wildlands may be accomplished by
any one of the following options, or by combinations of the three:

(1) Concurrent and continuous use of the several wildiand recource
products cbteainable on a particular land management unit,
requiring the production of several goods and services from
the same area.

(2) Alternating or rotating the uses of the various resource
products or resource product combinations on a unit.

(3) Geographical separation of uses or use combinations so that
multiple use is accomplished across a mosaic of units, any
specific unit area being put to the single use to which it is
most suited.

A1l of thece options are legitimate multiplie use management prac-
tices and should be applied in the most suitable combinations.

From scciety's point of view, regardless of the land management
unit in questicn, multiple use involves a broader set of parameters
that concern the private investor. Generally, society is more inter-
ested in preserving wildland benefits for future generations, requiring
investments beyond the dictat-s of limited business economics. On the
other hand, the private inves..r makes decisions based upon relativaly
short-term profit motives commonly related to limited resource product
uses. Effective multiple use management should accommodate the full
spectrum of today's needs and provide for tomorrow's requirements.

TYPES OF MULTIPLE USE MANAGEMENT

There are two fundamental types of multiple use land management,
that which is resource-oriented and that which is area-oriented.
Pesourco—ononte ! multiple use management is dependent upon knowledge of
interrelationships describing how the management of one resource affects
the production of others, or how one use of & particular resource
affects other uses of the same resource. Essentially, substitutions
between resource products or resource uses, and the associated benefit-
cost comparisons of alternative production combinations are taken into
account. Resource-oriented management may deal with a single resource
product with alternate uses, or with two or more resource products
with alternate uses for each.

Rescurce-oriented multiple use management requires the under-
standing of wiidland resource production capacities. However, to
accomplish effective and efficient multiple use management, resources
must not only be related to each other but also to the needs and
wants of people. irec-oriented multiple use management meets this
general objective through consideration of the physical, biological,
economic and social factors relating to wildland rescurce product



development in a particular place. This type of management provides a
framework in which infermation concerning the administration of Tand
management units can be arranged, analyzed and evaluated for the pur-
pcse of making sound man2gement decisions.  Area-oriented management
draws that informaiion nceded to desoribe wiidland resource product
potentials froum resource-oriented mancgemaont and then reictes this to

the dynamwics of Iocal and recional denwnds.  frea-oriented management 1s
not necessarily intended to rveplace other fores of managenent, but rather
to conplement iv. Hopefully, this will help to close the gap between
resource managyement and problems on the ground.

INTEGRATING WATERSHED MANAGEMENT WITH MULTIPLE USE

The problens of integrating watershed management within the
multiple use concept, a necessity in effective and ctficient wildland
management, are not always fully realized by the wildland administra-
tors. ilhile these problems may often be <tructured in resource-
oriented management objectives during the initial phases of management
implementation, wildland administrators nust continually be aware of
area-oriented menagement implications, especially when management plans
and systems are developed for application over large Tand dreos.  Num-
erous land managenent considerations, policy fermulations and institu-
tional conflicts confront the wildland adninisirator attempting to
integrate the component parts of multiple use land nmanagement. Although
many of these issues are comnon to all components, <everal problems
unique to watershed management implementation must be considered.

Land Management Considerations

Often, watershed management involves the development, evaluation,
and application of land managemnent systems designed to alter water pro-
duction. The 1impact of management systems on a river hasin may extend
Eoyond simple attempts to alter the flow of water into downstream
reservoirs. Many wildland resource products in addition to water are
in demand from upstrean lands, and these resource products must be
allocated to maximize total benefits to society.

Land management systems designed to alter water production are
commonly recommended by various interests aroups. Thes» systems often
require sweeping modifications of vegetation on lands wherc the poten-
tial to alter water production is the highest. Some of these systems
could jeopardize other land values; and some are irrevocable, at
least in the short run, 1n that they can easily be made but cannot be
undone if they turn out to be mistakes. Furthermore, technological
and economic guidelines have not been sufficiently developed to carry
out the implementation of the system effectively and efficiently, in
many cases.

The implications of land management systems designed to alter
water production are of particular interest to upstreain land management
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agencies since these agencies ave charged with administering a large
portion cf the potentially better water yielding areas. But, because
these management agencies are committed to the concept of multiple use
management, the implications of these land management systems extend

beyond considerations of water production alore.

The nroblen is to cdetermine advantages and disadvantages of
land management systems designed to alter water production before the
systems become operatiocnal.

Estimates of Wildland Resource Products

Measurements of the yields of all wildland resource products are
necessary to determine their responses Lo land management systems.
These products include water, timber, range for livestock and wildlife,
and recreation. Consequently, estimates of water yield and quality
before and after a menagement systeam has been imposed are desirable.
Timber growth and quaiity ricasurcments should also be obtained on a
before and after nasis. Likewise, recovds of forage production and
utilization can subseguently be transiated into beet gains and wildlife
habitat potential. Records of game and nunter use can be used to assess
recreational values.

The meacuieuents of wildiand resource products on a management
unit can be summarized in tabular form as a peodwet wmic. This table
describas multiple use by quanvitatively presenting all resource pro-
ducts derived from a particular arca or ciass of land. Product mixes
developec berore a land nanagement system is dmplemented will form a
reference ror comparison with product mixes developed after implemen-
tation. These comparisons will show what is gained and sacrificed 1in
multiple use terms, assuning Lhat u resource product response to a sys-
tem can be determined with before and after measurements. Such compar-
isons form a basis for deciding among land management systems in terms
of an appraisal of the advantages and disadvaniages in resource pro-
duct responses (Table 1).

On one hectare, if things romain as they are, 10, the annual
output will be 4.2 cubic meters of timber growth, enough forage for
0.068 kilograms of livestock gain, 0.021 deer, and 15 centireters of
water. No timber will be cut.

With conversion of moist sites to grass, Ty, the annual output
will be 2.5 cubic meters of timber growth, enough forage for 0.48 kilo-

grams of livestock gain, 0J.034 deev, and 22 centimeters of water. Ap-
proximately 9.0 cubic meters of tinber will be cut on each hectare.

Columns T, and T3 contain the elements of uneven-aged and even-
aged forest management systems, respectively.
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Table 1. Product Mix Vectors for Southwestern Ponderosa Pine

Forests 1/

T T T T

0 2
Item 1 3

As is Convert Uneven-aged Even-aged

Timber cut {(cubic meters) 0.0 9.0 4.9 3.8
Timber growth (cubic meters) 4.2 2.5 5.5 5.2
Livestock (kilograms gain) 0.068 0.48 0.0045 0.27
Wildlife (number of deer) 0.621 0.034 0.032 0.033
Water (centimeters) 15.0 22.0 16.0 18.0

1/ Adapted from cfficient development and use of forest lands: An outline
of a prototype computer-oriented system for operational planning by R.J.
McConnon, 1965.

It is important to note that, if Tg 1s the best as judged by an
assessment of the advantages and disadvantages in natural resource pro-
duct and use response, the existing management system should be continued.

Direct Costs and Benefits

Determining the costs of implementing and maintaining a land
management systam, as well as the dircct returns asscciated with the
management system, 1s prerequisite to efficient multiple use land manage-
ment.

A large hody of information on costs is available in the Titera-
ture. lUnfortunately, these data normally reflect o particutar economic
situation and time, and cannot easily be adjusted to Tocal conditions.
Consequently, yross job time costs data in terms of physical input-output
variables characteriziny the management system and land area may be re-
quired. Inputs collected include labor time, equipment time, direct
supervision tinie, and materials. Outputs specify total production as
units thinnea. cleared, vte.  Costs are then determined by multiplying
inputs by current wage rates, machine rates, and material costs. The
sum of costs Jdivided by the number of production units accomplished
gives an estimate nf the average unit costs for a maragement system.

Direct returns to the land management unit may largely be depend-
ent on the sale of timber removed in the initial estabhlishment of the
management system. Remember, calculations based on a "saw-timber-only"



market, as currently exists within many market areas, could become
obsolete if a pulpwood or veneer mill is installed. The presence of
these additional outlets could alter the expected dollar returns by
making previously unmerchantable material saleable. Therefore, since
market conditions can change quickly, and since they affect returns so
significantly, the timber resource shouid be described in terms of multi-
product potentials, providing timber quality and yield information for
management and utilization decisions on a continuing basis.

Direct returns derived from cther resource prcducts, Z.e.,
forage for livestock and wildlife, recreation, cte., cuuld conceivably
be determined by comparable objective analyses, although these markets
may be more poorly defined than timber,

The flexibility derived from the collection of objective cost-
benefit data will allow land management systems to be reevaluated 45
economic conditions change through time. Consequently, a system initially
considered econcmicaliy impractical could becone operational with a change
in wage or machine rates, or with increased market outlets.

Economic Evaluations

To make an economic evaluation of a recommended land management
system designed to alter water production, the following criteria could
be selected to form a basis of choice:

(1) Maximize benefits.
(2) Maximize the returns on an investment.
(3) Achieve a specified production goal at least cost.

Data required to satisfy the first two criteria include estimates of re-
source product values and physical responses resulting from Jand manage-
ment redirection, and costs of implementing the management system. 70
satisfy the third criterion, goals often derived through the political
process must be established for various levels of production.

Fconomic evaluations essentially consist of an array of pertinent
economic analyses designed to help wildland administrators make a better
decision. Individiaul analysis may yield a one-answer solution to the
problem of selecting a land management system that maximizes the returns
to the land. A group of such analyses, based on different criteria,
will result in an array of items for decision makers. Such an array
may include:

(1) Estimates of multiple use production associated with different
land management systems.

(2) Estimates of costs of management alternatives.
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(3) Least cost solutions for different goals of multiple use
production.

(4) Gross and net benefits associated with a range of management
alternctives.

(5) Investment returns and cost-benefit ratios associated with
different management systcens.

Poiicy Formulations and Institutional Conflicts

Given the abeve array of economic relationships, the watershed
manager (acting as a wildland adwinistrator) should be able to choose the
best course of action in terms of iwplementing a land management system.
However, 1t is ancicipated that there may be policy issues and institu-
tional conflicts thet musi be resolved hefove a Tand wanagenent system
becomes operaticnal within the nmultiple use concept.

The question of who will pay for the establishment of a new land
management systom ool S0l designed to alter water production must
be answered. The uroup of people that executes the system may not derive
direct benefits from all of the multinle uses affected. For instance,
it 1s questionanle whether the U.S. Forest Service, who will carry out
many of the operational pregrams necessary to implement a management
system, will receive benefits conmensurate with their costs. The role of
downstrean groups benefiting from increased water production from up-
stream lands will have to be established regarding costs,

The costs and benefits of a Tand management systen designed to
alter water production to society's needs wmust be \)(UP\dIHPd Various
viewpoints will need to be adopted so people can adetermine how a manage-
ment system is going to affect them individually and collectively.

Local groups on or near the tand area directly ffected by a land
management system wiil want to know how a program may affect them per-
sonally. Their viewpoint can be developed by the valuation of raw multiple
use products onsite or by the value added through manufacturing stages in
the economic stream from resource to consumer within the local area. A
single economic solution may not be suitable, but analvses reflecting the
various viewpoints may yield the required answer.

Regional interests will probably bear a large portion of the in-
vestment in a land management system. A determination of the effects of
a management system on a state's economy seems appropriate to this view-
point. Finally, the national viewpoint must be the basis for some
evolution, primarily because most of the land that mav be subjected to
a management system will be federally managed and the federal government
will meke at Teast a portion of the investment.

Perhaps the greatest problem facing the watershed manager pursuing
multiple usc land management is that of developing an efficient institu-
tional framework through which land areas subjected to the multiple use
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concept can be managed. A realistic multiple use management plan (such
as that outlining a land management system designed to alter water pro-
duction) must either work within the existing institutional structure,
or modify it in order to be effective. An evaluation of the political
and social organizations through which wildland resources are currently
administered may suggest a necessity for institutional reform.
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