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ABSTRACT

This "Conservation Quide" is one of a series of publications which illustrais
conservation techriques, examplena of land rehabilitation and watershed management
principles, primarily for mountain lands, fcrestis, ercded «reas and other lands
not normally wsed for intensive agriculture. The papars a«re based en case ptudies
from all regions but are msinly oriented to provide practical exampies ef intsrest
to developing countries. The topice in the volume presented here include: erosion
evaluations, waterahed management principles, srosion control methods, land classi-
fication, land use planning, elope rshabilitation by terracing, remote seneing for
watershed management, the cost/benefit relatioens of consnrvation, landslide problems,
snvironmental impast svaluations and water quality measurements.
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FOREWORD

Weter appears to have been the critical facter in many of the areas of the world which
have sxperienced famine during the laat few years. A large proportien of the droughte and
floeds which have occurred in recent times, in almost all the regions of the world, could
have besan avoided if the knowledge available to mankind had besn adequately dissaminated
and properly utilized., Unfortunately, Homo sapiens seema unable to leam from the lessons
which history has to offer. Thie, despite ithe fact that there are devastated lande «ll over
the world which mutely testify to the catasiropher which &re bound to occur if land is mipg=
managed and misused in critical ecologicel aresas.

The importance of water is, of course, obvious in the more arid regicns of the world,
But it should be esmphasized that aven in those humid areas of the tropics tkhat appear to be
blessed with an abundance of water, thare have been long and frequent periods in which there
has been an insufficisncy of water. This, precisely because mankind has noet always
apvreciated or taken into account the inter-actions of the various factors of the ecosysienm.

In many countriee, the clearing of the uplands for agriculturs has depleted the vegeta-
tion to such an extent that the flow of the rivers which they supply becomes "flashy" during
the reiny seasons and a trickle during the dry seasona. The resulis are fleods in the wet
and droughte in the dry periods. The consequences of this are often a failure of the cropes,
fellowed by famine, malnutrition and the attendant human ewffering.

The usual simplistic solution, that is often suggested and unfortunately put inte
effect in cases like these, is the conastruction of dams to contrel river flows and to
protect more valuable downatresm lands, However, in many inetances the effectiveness of
these dams is short=lived becanse they become affected by silt which is washed down from
the depletsd uplands, Therefore, the faw benefits which accrue from the dams are short=term
and provide no lasiing improvement to the total syatem. Mors important, and wore regret—

tabls, the temporary security offered by the structursa may lead to a precarious over—
development in the lower reaches of rivers.

In order to be lastingly effective, soil and witer resocurce developxent must be
preceded by comprehensive land~use planning. In the formulation of these plans; both the
atiributes of the land and water resovLrce, and the socioweconcmic factors which affect the
development of the human beings in the area in goneral, and land-use practices in particular,
phould be taken into sccount. MNoreover, thers should be proviesion for perpeiual operational
support., Without adequate wsocial control of the use of the world's land and waler reacurces,
their technological over—development can lead im the long run to regional or naticnal under—
development, Furthermors, there must be an awareness of the total s¢il and water resource
system, both upstreax and downstream, and of tha inter=related benefiie that can be obtained
by the wise application of modern technology.

The material pressnted in the four volumes of this meriss aitempta to relay some of
the experience of scientists and technologistis who have had a bread assoclation with some
of the problame of the soil and water conesrvation aspectis of watorshed managesment in the
developing countries. A special effort has bLeen mads to obiain a cross-seciion of suthors
from around the world with thias expesrience, It is cur hope that planners ani practitisansre
in the dsveloping world will find the ssries of practical valus.

K 2L A

K. Fo. 8. K
Assigtant Director-(sneral
and

Head of the Forssiry Depariment
Food & Agriculture Organisation of the UN
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PHEFACE

This "FAQ Conmervation Guide" is one of a aeries of readings which provide some
practical examples and case studies of conservation and land protection from various re-
gione of the world., The emphasis v the series i on protection foresis, rangeslands, steep
terrain and other areas whers the returne from land use are marginal, where degradation im
a problem or where resource protextion is {or should e} a major objective. The main
emphasis is on techniques which may be useful for developing countriss.

The "FAC Conservation Guides® ares

Number 13

Number 2:

Nuaber 1

Number 43

“Watershed Management Guidelines”, Thie collection of papers reviews the
concepta of watershed management and conservation and illustrates practical
methoda for: eroaion and degradation surveysj erosion prediction; gully
corraction; acme remcte sensing techniques for watershed management;
forest road protection against erosion; environmental impact evaluationa;
terracing; oeteep slopa restoration; and protection agminst landslides,

"Hydrclogical Tachniques for Upstream Conservation®, Thie group of papers
reviews soms aspesots of forest hydrology and other essentially "upstiream"
questions of hydrology related to conservation work. There are examples
oft field runoff estimation; +torrent control; infiltration estimation;
snow surveys for water in the mountaine; evaluation of mountain land de=
gradationi recycling of wastewater in foreste; wstiresa water quality
ovaluations} +transpirationy and surveys of sedimentatien in reservoirs.

"Conservation of Arid and Semi~-Arid Zones". This selected group
of papsrs reviews dessrtization and pressnts sxamples of shelterbelt
entablishment, dune afforestation, erosion svaluation, terracing for sleps

afforestation, restoration of rangelande, reinfall harvesting and other
techniques.

"Special Readings in Consarvation Techniquas®., These papars are an agsorte
rent of readings which are more specialized or research oriented. The
topios covered arey guidslines for contrelled fires for forest conssrve=
tion; concepts of snow management in high mountainey a case study of

mlches for soll restoration; and research techniques for soil temperature
estimation.




I.
LAND CLASSIFICATION FOR WATERSHED HKRAGEHENTL/
by
K. F. S. Kihra/
PACO

1. INTRODUCTION

Claspification is a device designed to achieve the orderly end systematic arrangement
of ideas and phenomena. Gilmour (3) has emphasized that the primary function of claasifi-
cation ‘® to constiruct classes about which inductive generalizations may be made., The
claspsa 80 constructed must be related to a particular purpose. The purpoae of the type of
clagsification which is the subject of this paper ie the delineation of areas which are
inherently capable of producing plant and animal crops of a broadly similar nature, without
deterioration of the soil. Put in another way, the objective of this paper ie to indiocate
how land may be claseified according to its inherent capability to produce crops.

At the outest it is necassary to distinguish between land classification and land—se
planning. These are different processes. They demand different types of expertise; their
compatent execution often requires a knowledge of widely varying dieciplines, In the pro-
ceas of land claseification the scientist or technologiat surveys, inventories and
evaluates the physico-chemical and meteorclogical characteristice of the land areas which
he wishes to clapsify. After theme initial stageue, the land classifisr should have at hia
dispoeal data that are adequate enough to allow him to plaoe similar types of land into
particular classes. The placing of an area of land into any one class will depend upon a
combination of the broad factors which influence productivity viz climate, topographio
relief and soil characteriatices. The object of land classification is to distinguish what
exists, and to enable ihe planner to appreciate the inherent difference in quality of the
land at his disposal, The land classification lays btare to the economista, the politicians
and the decision-makers il potentiality of the land, and the physical options which are
available to them, at least in so far as land is concerned, And 1t does this in an easily
underetandable mamner. The land-use planner diaws upon the land classification and comple-
ments and supplements it. To the physical land claseification which has categorized the
differences between different areas of land, the land-use planner adds his knowledgs of the
economic, legal, mocial and inetitutional factore which affect land-use, and which are
germane to decision-making. From this symthesie a land-use plan may bs borm.

2. TYPES OF LAND CLASSTFICATIONS

An examination and analysis of published work on land classification systeme which
have been svolved for land utiiization reveal five generic types, These may be classified
a8 smpirical, socio-economic, plant indicator, qualitative and physicml. Olweon (12) has#
distinguiehed nine types, but all fit generically into the five types of classification
described below.

1/ This paper druws hesvily on King, K. F. S. (9)

g/ Kenneth King ia Assistant Director-Qersral of FAQ, and Head of its Forestry
Departiment.




2.1 Empirical Classifications

In the initial stages of most disciplinea, before kmowledge has been systematized,
and before principles have been formulated, man has to be guided by experience. He has to
infer a general law from the observation of particular instances, The approach is empirical
and the thought process is inductive. Some classifiers have observed existing types of
land-use, appraised their success or failure, and drawn conclusions about the inherent
capability of the land.

The assumption, that present use i3 indicative of capability, is not always valid.
It is indeed poesible that there are areas in which the inhabitants have achieved such a
degree of techneclogical skill and experience that the present use of the land is ite
beat use. But these must be very exceptional. Often, land-use has been adapted by soecial
pressures and bears little relation to the land's inherent capacity.

Nevertheless, surveys of present land-use have an important part to play in land-use
planning. Classifications so formulated, however, should be called Current Land-Use
Classifications and should be clearly distinguished from Land Classifications. The purpose
of a Gurrent Land-Use Classification is to indicate how the land is at present being
utilized. The operation is eseentially one of stock-taking and, as such, its importance
should not be minimized. It becomes suspect, however, when its claims are exaggerated,
when it is suggested that land productivity may always be inferred from present land-use,
and that land capability classes may be formulated from these data alone.

2.2 Socio~-economic Claasifications

Some workers have evolved methods of expressing the potential productivity of land, by
taking account of such factors as (i)} the nature of the society which utilizes the land, (ii)
the financial returns which are the result of such use, (iii) the size and condition of farm
buildings, (iv) tax delinquency, (v) school and farm location, (vi) land ownership, (vii)
quantity and quality of available labour, {viii) the financial ability of the operator, and
{ix) the operator's preferences and abilities,

Socio—-economic Tactors are dynamic and are based.only in part on the characteristics
of the land. They are concerned with an additional dimension: time. In addition, economic
rent is influenced, inter alia, by population concentration, induotrialization, and the
availability of alternative occupations., Economic clasaifications are, therefors, not
inextricably tied to the land., Economisis have a place in the planning of land-use, but
little in the classification of land. The term land classification should be confined to
those classifications that resirict their data-bass to the physical aspects of land areas.

2.3 Plant Indicator Methods

From earliest times observers have associated certain plants or types of vegetaticn
with definite soil and growth conditions, although there has heen some controversy as to
whether individual species are a better guide to land capability than the vegetation as a
whole.

The relationship between natural vegetation and the inherent productivity of the
land can be determined only after very careful acclogical study. The vegetation is a
reflection of the interplay of soil climate, biotic factors and the vegetation itself, and
a satisfactory cause effect relationship can only be determined when the physiological re-
quirements of the individual species and the vegetation are ascertained. It is a mosi
complex problem, and our knowledge is so imperfect that the system camnnot be universally
applied. Moreover, as Jacks (6) has said, vegetation is lems durable than soil, and, in
many areas, the natural vegetation has already been desircyed.




2.0 The Quantitative Approach

In the early stages of the development of any branch of science, the asasessment of
the interplay of cause and effect is often qualitative. At a later stage, when sufficient
information is available, the approach becomes quantitative. Perhaps the best known of the
attempts to provide a quantitative basis for the measurement of land capability are Storie's
{16) irdex rating, Kendall's (7) productivity, ranking, energy and money-value co-efficients,
the Tennessee Valley Authority's unit area method, and Stamp's (14) and (15) concept of the
Potential Production Unit.

The purist may claim that these classifications are noi strietly quantitative becauss
they do not measure and correlate the numerous variables that are knowm to influence land
productivity. .They merely depart from the more orthodox descriptive and qualitative methods
by providing figures to delineate and distinguish classes of land, There is another, more
fundamental, criticism. Many of these attempts at quantification are based on systems in
which such factors as the angle of slope, the depth of soil, soil texture, fertility and
climate are rated or weighed. Weighting is a subjective process, and in many cases the
asgignment of rates appeared to have been made quite arbitrarily or to have been influenced
by the philosophy of the classifier.

2.9 Physical Classifications

The physical factors which influence plant productivity and which should therefore be
taken into account when constructing land capability classifications are reasonably well
known. The significance of the physical and chemical nature of the so0il, the limitations
and attributes of various topographical features, and effests of climate are well documented.
The problem is really one of synthesising these various factors in order to forge a workable
tool.

Stamp (13) evolved a land classification for Great Britain in which he used topo-
graphical, scil and water relations in order to distinguish between three major land
categories: good, medium and poor. Ableiter (1) suggesied that as the "soil type"
represented a combination of characteristics which together cecupy a particular kind of
landscape in which the factors of soil genesis are essentially uniform this should be used
as the basis for classification: Weeks (19) et al., introduced the concept of "land character
types". A land character type embraces several soil types and is essentially a large=scale
inventory of the physical conditions significant to land-use: and Hills and Boissonneau {4)
took into account the "land-form", which they defined in terms of the relief of the land
and the geological materials which constitute this relief. The relief feature most generally
considered was slope pattern, but another factor was the fabric of geological materials, i.e.
the size and shape of individual rock particles or masses, and the manner in which these
particles are aggregated. They claimed that the landform concept was universal in appli-
cation because areas of similar slope pattern and fabric are classified as the same landform
irrespective of their regional location, and because they are relatively stable features,
changes being largely restricted to stages in the geological cycle. But the landform
classification is not an all-sufficing system. It is merely the stable reference base upon
whicn changes in soil may be measured and interpreted in terms of land-use capabilities.

Olson (12) has asserted that in Australia, parts of Africa, and in some other places,
the *land systems approach' has been widely used in land classification. This technique
generally identifies areas with reasonably similar and recurring characteristics of climate,
vegetation, geology, seils, land-use and topography. The areas are mapped at different
scales, and generally extensive chemical, morphological and physical analyses are made.

The vlaims made for the "land systems approach” are similar to those made for the "landform"
method. The defects are aleo similar.

The examples given above are not exhaustive., They are merely illustrative of the
differences in approach which may perhaps have been caused by the difficulty of integrating
the numercus variables which influence land capability.
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3. A METHODOLOGY FOR LAND CLASSIFICATION

The relative importancs of topographical relief, climate and soll is difficult to
assepc. Therefore, most land classifications have been, to some degree,; subjective. A
more objective assessment of lend capability may be achieved if the problem is approached
differantly, and no attempt is made to mynthesise the factora, but instead a proceas of
elimination is employed which will lead to a broad classification of potential use.

This approach iz based on the toncept of limiting factors and is easentially an adaptation
of the principle of Liebig's Law of the Minimum. The physical factors which ultimately
decide to what use land may bes put are generally those which exercise a limiting influence,
are absent or are in critical short-supply. It is therefore important when claseifying land
to subject the land, so to speak, to a series of testa, the resulta of which would lead to
the isolation of those areaes which display a similarity of limitation and ought therefore

to be placed in the aame classes. Residual land, land with few or no lipitations, would

of courss be the best land.

The firet question which should be usked is whether there are areas in the region to
be olaseified which are climatically unsuitable for plant production: whether the climate is
a limiting factor. It is tempting to try tc evolve comprehensive formulae which express
the relaticnships of the various climatic influences, but such formulae are of little use
unless they are tested empirically, and they ere frequently applicable ohly to the regions
for which they were evolved. Those formulae which are extant are either of merely local
application, or are too general as they relate to the broad regions of the world. The land
classifier must conecvlt the available climatic records and ensure that they cover as wide
a range in time and Brace as possible; mean data areof litile significance: what are more
important are the distribution and the extremes of the climatic factora: particular
attontion must be paid to temperaiure, precipitation, evapo-transpiration, and the influence
of altitudinal changse on these factors. A map, more detailed and comprehensive than the
ordinary climatic maps, must then be preparec. From thie map the areas which are unproduct—
ive because of adverse climatic factore may be ascertained, so clasgified, and excluded from
the aubasequent investigation.

The next step im to consider topographical relief. Altitude, aspact, and the degree
of alope are the important relief features, but the influence of altitude and agpect iam
reflected in the climate, which has already been inveatigatad; consequently, the angle of
elope as it is significant to erosion, is the only topographical feature which muet be
ireated eeparately at this stage.

Strahler (17) hae suggested a method of quantitatively estimating ths amount of
srosion which would occur on alopes of known angles and in areas of known rainfall inteneity
and 80il texiure. -He points out that, fundamentally, erosion is a mechanical process, the
vital components of which are the forces which cause it, those which resist it, and the
resulting motion of the eroded material. He conceived a natural Blope as an opsn dynamic
system tending to a steady state. A mlope plot of unit width and of any desired segment
of the length between the limits of a drainage divide and the axial stream chamnel at the
base is considered to form the open system. Water and rock waste pasm through the system
only down-slope or vertically downward. The waier and dehris procsed cumulatively to the
line of diacharge at the slops base, When the system has achieved a steasdy state of
operation, the rates at which materials enter, pase through and leave the syemtem, Lecoms
constant or independent of tima, and the form of the system is stabilized. The nature of
this steady state im determinsd by the relative magnitude of the forces of resistance and
the forces tending to produce down-slope movement.

There are iwo major groups of opposed forces: those which tend to produce movement
{fluid impacts, absorption of water by colloide, hydrelysie eof eilicate materials, expansion,
oontraction, oto.) and those which tend to resist movement (intorgrain frietion in the
coarse se.niments, capillary film oohesion in silts and clays, resistance of plamt roots,
stems, litter, sic.). Thess two groups of opposing forces may he formed into a dimensione
less ratio wiih resietive forces in the denominator. When ths force ratio axoeeds unity,
entrainment will set in and, in gensral, the higher the ratio the more rapid the rate of
erosion. :
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Strahler (17), who used the work of Horton (5) as the siarting point of his analysis,
has in a series of mathematical stages evolved the formula Ny, = QgK.S5, which, if applied to
the region to be classified, will show which areas will erode under culiivation. Np (the
Horton number) summarises the erosional qualities of given nlopes: Qg is the run-off inten-
sity, determined by the ratio of precipitation intenaity to infiltration capacity; K is
the erosion pr-portionality factor, determined by measuring the mass of soil removed per
unit area of time (pediment yield) in relation to the eroding force (gained from data or
run-off depth and siope); and S ie the slope of the ground curface. The information needed
to employ thig formula is, therefore, angle of slope, length of slope, rainfall intenaity,
infiltration capacity, and sediment yield. The scientific knowledge needed to acquire and
apply the data which are necessary for its application exists. Unfortunately, in many
developing countries, no records are available on sedimentation, and sometimes not even on
rainfall intensity. Accordingly, it is recommended that where the necessary data are
present, the procedure outlined above should be followed; where they do net exist a survey
should be conducted of the areas tc be classified, and any signs of erosion should be
recorded. If only cartain areas have been utilised, and only from them can the necessary
data be obtained, then the survey must be confined tc those regions. Land is {too vital a
commodity for its use to be left to chancc. The erosion survey is merely an expedient
stop—gap, and every effort should be made to obtain the necessary apparatus and tc lay
down the required experiments in the country or region which is being classified.

Those area® which are susceptible to accelerated erosion will not be suitable for
agriculture or grazing, and should he classified as being suitable only for tree crops.

The examination of soils is the ultimate stage in the attempt at land cliassification.
tand which has not been classified as unproductive or suitable only for tree cropa should
then be considered. Soil profile, texture, structure, and soil depth should be recorded in
the field, but judgements should be based not merely on these but on chemical analyses of
the soil and on laboratery tests of plant growth and regsponse to trace elements. After
these analyses have been made the classifier will be in a position to decide, in view of
the so0il deficiencies, what land is unproductive, what areas are suitable only for tree
growth, and what are suitable for tree growth, grazing and what may conveniently be called
"arable agriculture™. The broad classification will therefore be as followss

Unproductive land (because of adverse climatic and soil characteristics). Land
suitable only for tree growth {because of the limitations of topography and soil). Land
suitable only for tree growth and grazing (because of soil factors). Land suitable for
tree growth, grazing and arable agriculture.

Thres points must be emphasized. PFirst, the clagsification discussed above does not
take into account special land-use practices, such as drainage, irrigation, contour planting
and fertilizer application. The decision to employ such practices should be made at the
planning stage, for economic ard social considerations are. involved. ZGecond, aftsr the
broad classification, which aveids excessive details, has been evolved, pilet schemes
should be set up to test the classification. Third, there is no short-cut to the mccumuila-
tion and processing of data. Much land has been mismanaged in the past because of the

intuitive approach to land use. One of the objects of land classification is to eliminate
this intuition.

4. RANGE <F LAND CLASSES

Only four land classes were delineated in the example which was used to illustrate
the methodology deseribed above. This is perhape the simplest range of classification that
it is pessible to evolve. It is evident, however, that each of the productive classes may
be further sub-divided and refired. The degree of refinemant will depend upon the avail-
ability of data, as well as, and perhaps more important, the need for such refinement.

1/ See, e.g., Mathoo {11) and King (8).




It is urged, however, particularly in the developing countries, that the approach to land
classification should be as uncomplicated as possible., Those wishing to examine other
classifications with a wider range of land classes should refer, for example, to Klingebiel
and Montgomery {10} where eight land classes are described, Canada {2) where seven have
been categorized arnd U.S5.A. { 18) in which six classes have been identified.

S CHECK LIST OF MINTMUM REQUIREMENTS FOR LAND CLASSIFICATION
A knowledge of the following factors is a pre-requisite to land classification.
Soil

Profile

Texture

Structure

Chemical reaction

Content of organic matter

Content of essential piant nutrients
Nepth

To ra.
Elevation
Degree of slope
A8pect

(A record should also be made regarding the nature of the general *opography, i.e. ie the
land undulating, rugged, etc.)

Land condition

Erosion
Deposition
Depletion

Climate

Precipitation
Temperature
Climatic hazards

(Data which provide information on only average precipitation and average temperatures are
often of limited usefulness and can be a share and a delusion. What are required are
maxima and minima precipitation and temperature da*a, and a knowledge of them over time,
both within a year and for greater pericds. In addition, a knowledge of a range of
intensities of rainfall is alse essential,)

6. SYNTHESTS

Finaliy, it should be emphasized that land classification is only a stage, albeit an
important one, in the preparation of land-use plans. A sound land-use plan muat be based
on (i) an aasessment of the physical potentialities of the land, i.e. a land classification,
(1i) a socic—economic analysis of the nation's wants and resources which would lead to
decisions or their allocation, and (iii) the provision of fiscal, institutional and legal
measures for the implementation of this decision. All three elements are essential to
success,
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1I1.
THE INTEGRATED WATERSHED APPROACH
FOR DEVELOPMENT PROJECT FORMULATION

Talat Eren

FAQ, Thailand v

1. BACKGROUND

In the early 1960's, the United Natione Development Programme encouraged an "integrated"
approach to development projects, but despite lengthy discussion of terms such as
nintegrated, comprehensive, multidisciplinary, basin~wide’ etc., there have not been many
actual examples of comprehensive projects on the ground.

This paper steme primarily from personal experience in managing an FAQ field project
in Thailend. The project was designed and has been executed with the philosophy of
integrated land uge as it relates to a developing country. The ideas given here are
recommendations developed by the author.

In most developing countries, integration is the key to: (i) coordinate the use of
limited funds and manpower; (ii) mobilize the rural population; and (iii) sattain
production from the land while protecting natural resources.

A watershed (synonymous with "catchmeni” or "basin%, ae used here)} is made up of the
natural resources in a basin, especially the water, soil and the vegetative factors. The
comprehensive development of a basin so as to make productive use of all its natural
regources and also protect them is termed "watershed management". This includes land
improvements, rehabilitation and other technical works ag well as the human considerations.

Historically, disastrous floodsz and droughts were accepted as natural calamities
beyond the control of man. However, even some very old cultures gonsiructed ierraces and
other works to control surface runoff., The famous Bamawe terraces in northern Luzon in the
Philippines, for example, and those in Nepal, in {the Mediterranean as well as in the Andes
were not only an early achievement in watershed management but also a step towards the
integration of human elements into a system of land management.

1/ FAQ Project Manager for the Mae Sa Integrated Watershed and Forest Land Use Project,
P.0. Box 1200, Chiang Mai, Thailand. The ideas and recommendations presentied are
egssentially those of the author although some modifications and addition of figurea
have been made by the editor, FAQ, Rome.




Figure 1. Farmers in Java constructing gully cerrection works to stop erosion
on the Upper Solo River Basin. Part of the efforts on a World Food
Programme project (WFP/FAO photograph by J. Bullard)

2. WATER AS THE INTEGRATOR

There is one common element in nearly every scheme of land development -~ an inoreased
demand for water. Higher economic development invariably brings about higher water use.
Consequently, the proper management of water resources is an essential cumponent of
development. From another viewpoint, water is the best index of "watershed management",
that is, if a basin is properly managed for water, them it is also likely to be properly
managed in other ways. Water is an excellent mcnitoring mechaniem.

3. FACTORS IN INTEGRATION

There are esgentially three factors to consider in initiating integrated development
efforts: (a) the existing level of development, from a technical viewpoint; (b) the local
social structure and human behavioural pattemms and {¢) the prevailing economic conditions.,

In those countiriee having large rural populations with high growith rates, agriculture
is typically poorly developed and technical kmow-how ig low. Differences in production are
related more to the size of land holdingse than to modern techniguee. Employment
oppoTtunities are poor, and farmers generally work at a subsistence level. The social
structure and behaviour patterne are very primitive, and superstition may prevail.
Traditional or local rules can be very strong. There is an inherent resistance to

innovations. Large families are necessary as labour unite. Obviously the social factors
may be more of a& restraint than the technical problems.
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4, HOW TO INTEGRATE? AN EXAMPLE

The integration strategy for a watershed can be carried out by various procedures.
The approach described here is but one example. It is underacored that it is only an
example and not a universal blueprint.

A resource survey is the first step. The survey or inventory attempta to answer the
question of the supply and demand for resources both natural and human resources.
Depending upcn the area involved, a survey may include: soil surveys, land oa.pability/
suitability eclassifications, forest and other vegetation inventories, ercsion appraisals,
flood and torrent information, streamflow and climatic characteristics, water use or other

parameterz, as needed. A number of factors that should possivly be conzidered for a socio-
economic survey are listed in Table 1,

Table 1

Some parameters to evaluate in a sccio-economic survey
of a watershed (i.e., & basin)
Poprlation censue and description
total population rate of zrowth
gex Tatios wigration patterns
age structure
Behavioural and social characteristics
family patiern reaction to inmovation
family size educational level
traditions religious sects

detaile on communal adminigtration health schemes
farm/village organizations forestry organizations

taboos work ethice
Economic and market'Eg factore

land tenure patterns marketing arrangements

patterns of cultivation CTOD surveys

farming practices input/output and yields of crops
shifting cultivation labour, settled, migrant
transport systems loca.l/expor‘t use

forest inventories/descriptions range and grazing surveys
industry (also for forestry)

forest fire hazards and protection
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A few main pointe should be highlighted:
{i) the purpose of any data collection scheme must be exceptionally clear from the
start;

(ii) effort should be directed to selecting a minimum number of parameiers or, better
still, indices to describe the existing conditions;

{iii) the sampling design and analytical techniques to be used should be established
prior %o data colliection.

5. PREPARATION OF THE “INTEGRATED WATERSHED DEVELOPMENT PLAN"

An integrated watershed plan, including technical as well as the human aspeciz, ie

drawn up on the basis of the iaventory. The analysie for sach parameter normally should
describe:

(i) the present status or conditions {e.g. good, poor, etc.)
(ii) the present trend {up, down, deteriorating, etc.)
(1i1) the potential (development opportunity for the resource, likely future trends,

poteniial problems, etc.)

Integrated planning should be a multi-diseiplinary, effort, vwhich is difficult since
this foroces each participant to look beyond his own discipline. A'matrix*table or some of
the other techniques described by Teller in hie paper in this publication can be useful.

The watershed plan should be prepared on the basis on the following maps:

(a) A topographic base map prepared from existing aerial photographs (the most
suitable scale is often 1:10 000). Smaller or larger scales can also be used,
depending upon details needed.

{(v) A slope map with, say, 0-5, 5-15, 15-35, 35-85 and “over 85 percent" slope
iﬂ.temls.

(¢) A soil and land capability map which may be a combination of soil iypes, depths
or other details with slope scale and degree of s0il management intensity (for
further guidelines and concepts, see the paper by King in this publication).

{d) 4n erosion and site degradation map showing the degree, eize and stage of
degradation as well as their causes, if possible,

{e) A vegetative cover map, including the type of native vegetation and permanent,
perennial and annual Crops.

{(f) A land use and ownership map. A land use planning map should show the potential
land uses aswell as the existing land uses. A watershed development plan is drawn
up from this information.

A watershed development plan should:

(a) &give highest priority to the stabilization of subsistance agriculture and the
implementation of soil and water conservation$

(b)  employ labour intensive methods (where feasible) for land development, to provide
fimmediate_income for the people affected;

(¢) pay Tewards to those who use conservation measures on their own land;subsidies in
terms of credit or loans can be very effective;
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(d) provide for as many quick-cash activities as possible {e.g. handicrafts, poultry
raiging and animal rusbandry) to offset iime lost before farming can be fully
productive;

(e) intensify technical assistance and extension in areas where conservation is not
well known.

Figure 2. Local advisors and FAO specialists working with local technicians
to demonstrate the use of a surveying instrument for installing
'contour ploughing to check erosion (FAO photograph, Jamaica),

6. INFRASTRUCTURES

Development of the natural and human resources in tandem is not possible without:
improvements in communication, transeortation, health and education schemes; a working
mass information media as well as irstitutional support; a watershed development policy
{ supported by legislation} and an informed administration. These developments should be
designed to build up the confidence ¢f the people affected. To achieve such an
infrasiruetur - developments and institutions takes persuasion and demonstration.




7. DECENTRALIZATION

Decentiralization ie particularly important if a comprehensive watersched development
plan is to be carried out on a regional basis, especially in remote areas. No central
body can efficiently govern a development project which requires lmowledge of local
conditionse, demands immediate decisions and depends on ocontact with the local people.
The administration of projects, therefore, should be delegated to regional organizations
with adequate autonomy and self-sufficiency in staff and equipment.

Coordination is eesential at national, regional and field levels, National level
coordination should deal mainly with development policy, legislation, imstitutional
improvements, market promotion, esubsidies, ecredits end other incentives, but only after
careful analysis of regional requirements. Emphasis should be on regional development.,

Regional level coordination should concentrate on planning and on developing work
programmes, taking care io assign authority to the departments and agenciee conocerned.

Local level coordination should concentrate on the efficient use of the expertise and
equipment available.

8. ACTION PROGRAMMES

The implementation of a programme of watershed development depends on the objestivas
of a project., Althougn these vary from one watershed to the nexi, cortain features are
common to almost every integrated watershed approach especially in the developing
countries. First, each zone of land should be delineated by an interdisciplinary team.
The team should tour the watershed with a person or commitiee representing the village or
area concerned, 1o make field interpretations.

A land allocatien policy cen be determined and the areas proposed for each category
of land use may be shown. After adjustments or revisions of the plan, the team and
village representatives may want to break down the various land use categories into
family-sized units. Cooperating farmers may then work with the relevant experts to
develop the land sllocated to them for its propoeed use.




-15 -

II1.
ENVIRONMERTAL TMPACT AWALYSIS AND FORESTRY ACTIVITIES
by
Eelie Teller

Unesco

1, IRTRODUCTION

Responsible as he is for the mltiple~use management of a renewable living resource
and of ites related environment, the forest land mapager must be concerned with the potential
impacts of his decisions on the inter elated proceeses which assure the proper functioning
of that environment.

Research has made considerable progrees in explaining and quantifying many of these
processes, yet the heterogemeity of forest enviromments still makes it difficult to predict
with any precision what will ocour as the result of a specific proposed action a% a given
site, In many parts of the world today, management decisions concerning such actions as
large-scale logging, road construction or recreation development, are still made without
regard to their consequences in terms of processes such as Boil eroeion, mutrient losa or
water pollution.

In many of the world's more develcped nations, public=knowledge and concemn about the
environment is now o great thai decision-makers are obliged to show clearly what the
effects of proposed lard use activities will be, particularly where publicly—owned land is
concerned, In many cages the public is insisting on the conrideration of alternative
courses of actionm, which may have a less detrimental envirommental impact., While vast
areat of the world's forests contime to be exploited and destroyed for immediate profit
alone, there are signt that both professional and public concern will continue to grow, and
that the forest land manager will be increasingly forced to consider not only the wider
impacts of hie decisions, but also the necessary balance between devslo—wmeny :.ud conserva—
tiona

2. ENVIRONMENTAL IMPACT ANALYSES

In many countries today, dwindling resourcee are subject to ever-increasing demands by
either & more mmercus or & more affluent population. In order to plan for a well-balanced
middle course between the two unacceptable extremes of indiscriminate rescurce utilization
and. total rescurce conservation, the decision—-maker mmst obviously have the best available
facts at hand - how will a proposed activity affect a given enviromment ? The process of
trying to find the answer to this question has come to bDe kmown &g environmental impact

analyeis g/ and is commonly carried out through the formlation of an envirommental impact
etatement.

1/ H. Leo Tellor is Senior Programme Specialist in Unesco's Division of Ecological
Scisnces.

2/ Por a comprehensive treatment of the subject, see Mann 1975.




The point should not have to be siressed that the purpose of environmental impact
asgsesement is to minimize adverse impacts rather than to supprees economic activity.
However, fears of the latter are still expressed, for a variety of motives, in both
industrialized and developing countries. The plea of the more rational environmentalist i
that decisions be based on fact rather than on emotion, that development be based on &
Imowledge of resource capability, and that benefite and costs be evaluated across as broad
a spectrum as possible, to include the long as well as the short term, the indirect as well

as the direct consequences and that a full range of available altermatives be included in
the amalysis,

Although the primary purpose of environmental impact amalysie is to provide the
decision-maker with factual and predictive data which will make hia decisions more objective,
the statement which is produced can serve other useful purposes. It may merely be used to
establish the existing environmenial conditions in an area; it can certainly improve both
short and long term planning capability for both development and conservation; it can provide
legal "ammunition" where there is a possibility of litigation and, of course, it may fulfil
any legal obligations which exist.

The philosophy and methodologies of modern environmental impact analysie were beginning
to be developed during the middle and late 1960'a, when a few countries began to realise
that uncontrolled resource utilization and development could not contime indefinitely, and
that atronger public control had become necessary. In the United States, for instance, the
1970 National Environmental Policy Act {NEPA) obliged public agencies to prepare environ-
mental impsct statements prior to initiating any large-scale action which muy have
significant environmental consequences,

Many other countries have now adopted similar regulations, although, on a world-wide

scale, the areas without adequate regulation of development activities are still unfortunate—
ly in the majority.

3+ SCOPE AND CONTENT CF ENVIRONMENTAL IMPACT ANALYSIS

Obviously not all operations associated with forest resource management will be of
sufficient size or have such significant environmental impact as to warrant the preparation
of an impact statement. A responsible manager must decide when and where an environmental

impact analysis should be carried out, and whether its cost is justified by the likely
impact of the action being considered,

The U,S. Forest Service Mamal {1974) states that "... environmental statements should
be prepared ... for Federal actions significantly affecting the quality of the human
environment. Such "eignificant effect" may include actions which have both beneficial amd
detrimental effects ... The following categories of criteria should be considersd:

- Degree of ecosystem disturbance (both on—site and off-site effects)

- Irreversible effects on basic resources ( short term versus long term uonmitments);

= Cumlative effects of many small actions;

= Chain reactions or secondary effects of interrelated activities;

— National as opposed {o only locel importance;

= Uniqueness or rareness of resource;

= Anticipated public interest."
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The contents of an environmental impact siatement will obviously vary with the natcre
and scope of the analysis undertaken, and will vary from small, relatively simple, local
actions and impacts to large=scale, complex development projects with potential national or.
even intermational impacts. The pointe to be covered in the analyeis should therefore
be regarded as indicative rather than either obligatory or exhaustive. They are taken from
the S}uidalinaa recomended by the U,S, Council of Environmental Quality (U.S. Congress,

1973} .

4. POTHTS TO BE COVERED IN IMPACT STATEMENTS
Thess should include:

= A description of the proposed action, & statement of its purposes and a description
of the environment affected.

= The relationship ¢f the proposed action to land use plans, policies and controls for
the affected area.

= The probable impact of the proposed action on the enviromment, including both
pogitive and negative effects and secondary or indirect, as well ze primary or direct
consequences,

- Altermatives to the proposed action (including no action, which may aleo have
environmental consequences),

= Any preoposed envircnmenial effecta which cannot be avoided, and are therefore
predictabls,

— Probabilistic effects which are predictable statistically only.

= The relationship between local, short—term uses of man's environment and the
maintenance and enhancement of long~term productivity,

= Any irreversible and irretrievable commitmente of resources that would be involved
in the proposed action, should it be implemented.

« An indication of what other interests and consideratione are thought to offset the
adverse environmental effects of the propcsed action,

5« PREPARING THE ANALYSIS

There are, of course, considerably varying degreea of difficulty velated to each of
the components outlined above. Whereas some parts are largely descriptive and can be
presented in narrative form { 8ogs description of proposed action; statement of purpose;
description of envivonmeat affected; relationship of propomsed action tn land use plans
and pol:i.cias) : the actual assessment of the probable impact is likely {0 be far more
complex, If a comparison of alternatives is involved, as it generally should bs, quantifi-
cation of the probable impacts is essential,

The task would still be relatively straightforward if the relationships between
environmental impacts and their correeponding effects were well understood. For imstance,
if, for a given forest area, it was known that the clearfelling of x percent of the stand
would result in an increase of y centimetres of runoff, the likely hydrologic impact of
removing any other proportion of the stand would be easier to estimate. Unfortumately, a
clear quantitative understanding of the impacts which land use changes bave on natural
ecoeystem procesees is the exception rather than the rule. Even where figures are available
for a particular area, extrapolation to larger or smaller uniis of lapd and to other soila,
geological formations, climates or social customs, is generally risky at best.




Nevertheleas, as in moet other walks of life, the enviromnmental analyst must do the
best he can with the reesources and knowledge available, In many countries there is, in
fact, a great deal >f information already available, particularly in areas or disciplines
vkich have been of long-standing interest. New research may therefore be very limited or
entirely unneceasary. The application of some of the more common pesticides to certain
agricultural crope is a case in point.

However, when new impacts are foreseen, such as the application of a new chemical in a
foreast or graesland, or the application of a relatively untested technology {e.g. the
introduction of exatic species}, difficult decisions must be made regarding the magnitude
and the duration of the financial amd human resources which will be allocated for research
and impact analysis. No general rules are possible here, except that the cost of the
regsearch and snalysisa mst obviously bear a reasonable relationship to the cost of the
proposed action and its anticipated benefits. A ‘rule of thumb' figure of 10% of project
coets has been suggested for the cost of environmental impact assessment, including
relatively short—term research,

6., IDENTIFICATION OF IMPACTS AND LIKELY EFFECTS

As we have meen, any impact analysis must include a description of toth the environment
to be affected and the proposed actions on it. The latter are generally more readily
defined than the former, which may require considerable inter-disciplinary study before it
can be adequately described.

Of the three main methods of enviromment-impact identification ( checklists, matrices
and flow diagrams), the matrix, where actions are listed on one axis and impacts, as
measured by selected impact indicators, on the other axis, ie perhaps the moet commonly ueed,
An impact indicator ie a variable which reeponids to an impact, preferably in a guantifiable
manner, e.g. suspended sediment, pH and DO {diseolved oxygen) are impact indicators of
water quality; S0, and ozone concentration ave indicators of air quality. Some indicators
are only quantifiable by ranking, e.g. absent, low, medium, high.

Checklists alone do not show relationships between action and effect very well and may
result in the omission of important impacts more readily than the other techniques., Flow
diagrams, which are actually eimple word or compartment models, do show interactions readily
{ perhaps better than metrices, which are limited to two axes), but require a somewhat better
understanding of relationships than does a simple matrix, Table 1 illuetrates part of a
simple check liet, while Table 2 shows part of & simple flow chart,

Table 1: Partial checklist of possible logging impact identification

Action Effect Environmental Impact
Removal of trees - reduction of leaf area and -~ increased runoff

intercaption

- reduction of ET losa

deterioration in Boil structure - increased soil loss
and reduced infiltration and sediment in stream

- removel of mtriente from the ~ reduction of moil
site mtrient statue
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Table 2: Partial flow crart for iogging impact identification

ACTION ENVIRGNMENTAL EFFECTS IMPACT
TREE

REMOVAL —i[decrease in surface cover_f% 1reduct1on in ET loss f% lincrease in runcff

in¢rease in rainfall j———3{ increased soil removal increase in stream
impact sediments

l—e e 3% | increase in
mirient loes

The reader will note the importance of rational intuitive thinking, pricr knowledge
and at least a fundamental understanding of environmental processes, so that the right
questions can even he asiked, Most environmental impact analyses must be completed in a
relatively short time and with a limited budget, so that the analyst will be hard put to
accurately predict the maghitude of even the impacts which are expected. Thue, those which
are entirely unexpected may well not even be identified for study, The classic linking of
DDT in birds with eggehell thickness ie a case in point.

T« PREDICTION OF IMPACTS

Once the envirommental components and their impact indicators have been identified,
the magnitude of the impacts must be predicted, preferably in quantitative terms, but in
practice more often qualitatively. Unless new research is underiaken, all predictions must
be based on the existing "state-of-the=art” in the disciplines involved, and on a scientific
epproach in the application of this knowledge to the particular situation being examined,

For example, the hydrologic impact of eradicating an area of unwanted vegetation with
hormone defoliantes may be estimated by comparing the site conditions with those which existed
in a nearby watershed reseerch project where similar vegetation was removed, In this case
the area of defoliated vegetation is the important variable for comparison, rather than the
nature of the chemical used. On the other hand, the duration of the defeliant in the soil,
and i%e movement into the adjacent stream, may be predicted by ueing data from a second
study a2t a different site. In this caee the nmature of the chemical i the important
variable to be compared with the previous study. While the available information should be
collected from all poesible tourcem, the extrapcolation of these dats must be undertaken with
great care,

The development and contimal refinement of mathematical modeis will, of course,
considerably facilitate the emvironmental analysta' task, Thue, models which relate
impacting variables {e.g. area of forest clearsd, tons of ceal burned) to impact indicators
{e.g. sediment concentration in stream, 50, ccncentration in air) and environmental
variables (e.g. slope of ground, anmal précipitation, wind mpeed), wili emable the analyst
to simlate a range of hypothetical conditione and to obtain quantitative measures of the
resulting environmental changes. Numerous such models are already in existence in fields
such as hydrology, water quality and air quality., Frequently the Bcientiste who developed
them are only too pleassd to assist prospective environmental amalyste.

In many cases new research must be undertaken before an untested technology ie used.
This ia particularly true when new substances are released to the enviromment, or when new
impacte are likely to cover large areas or to affect valuable resources, Ae funds are
always a limiting factor, difticult decisions are often required concernming the part of the
environment to be studied, e.g. should it be the water, the soil, the plants, the aniwals
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or humans ? Objective descisi are easisr to make in such cases if uniform criteria are
applied in the selection of research topics, e,g. prevalence of the organiem on the impact
area, ecological and economic importance, uniqueness, degree of public interest, etc.
Simple mperical ranks can even be calculated by assigning levels {e.g. absent, glight,
moderate, great) to each criterion and obtaining sums or means whish can be ranked in order
of priority.

8, METH@S OF IMPACT ANALYSIS

In recent years several impact analysis methodologies have been evolved, Three of
these, the Leopold Matrix (Leopold, L.B. et al, 197%), the Overlay Technique { McHarg, 1969)
and the Battelle Environmental Evaluation System (Dee et al,, 1972), have been fairly
widely adopted, Their basic charmcteristics are outlined below, The Leopold Matrix, one
of the earliest and simplesi {echniquem of impact analysis, essentially ensures that the
interactions between a list of environmental actions and other liet of environmental
‘characteristics' and 'conditions' will be considered in an orderly manner.

The actions, which are listed across the top, or horizontal axis, of the matrix,
include:

Type of Action Example
A, Modification of regime habitat modification
Be Land transformation and
conatruction airporte, roads
C. Resource extraction timber harvest, fishing
D, Processing energy generation, oil refining
E. Land alteration atrip mining, erosion control
F. Resource renswal reforestation, groundwater recharge
G, Changes in traffic aatomobiles, railwayme
H, Waste emplacement and treaiment offluent discharge, landfill
I, Chemical treatment fertilization and pesticide application
J. Accidents oil apills, explosione

The vertical axis lists environmental characteristice or conditions which may be
affected by the actione listed above, These are arranged in the four major categories of:

Emnple
A. Physical and chemical
characterietice air or water quality
B, Biological conditions flom and fauna
C. Cultural factors assthatics, recreation

D. Ecological relationships eutrophication, food chaine




There must obviously he overlaps, »r ‘double counting' between the interactions, For
instance, impacts on physical and chemical characteristics will alsc be involved in
ecological relationships, However, this should not prove to be a sericus handicap.

In boxes at each interaction of the matrix, where an impact is judged tco be poseible,
two figures are inserted showing, on a scale of 1 to 10, the magnitude and the importance of
the possible impact (Figure 1}. The statement which accompanies the watrix is a discussion

of the significant impacts - thoee columns and rows with large mumbere of boxee marked and
infividual boxes with the larger rmumbers,

Proposed action

- albicid]e

g+

=P

"’E 2 ]

Eit;x

Eg ! >

5| [ /e
21/81/1/1

Figure 1. The Leopold Matrix

Tne main advantages of the matrix method are that it is relatively simple to undersiand
and use, can be adapted tc a wide range of impacte, makes provision for both magnitude and
importance of impacts, and gives a good visual picture of the situation.

Ita major disadvantager are: it does not differentiate sufficiently between processes
or activities { e.g. eutrophication, swimming) and indicators of state (e.g. nitrogen
concentration, coliform count); it does not focus attention on the most critical human
concerns; it makes no provision for degree of uncertainty; it is not very objective { each
assespor developes his own ranking system). In epite of these shortcomings, it is perhapa
still the most eatisfactory method for small-scale studies which are carried out with limited
resources, by relatively inerxrperienced personnel.

The 'overlay' technique of impact assessment consists essentially in mapping geogrephic—
ally - based features and their related anticipated impacts.

"4 aeries of traneparencies is used to identify, predict, assign relative

significance to, and communicate impacts in & geographical reference frame
r

larger in scale than a localized action would require," (Hunn, 1975).

The method is best suited to the selection of minimim-impact corridors, such as high-
ways, pipelines, railways and power transmission lines. One or more types of environmental
impact i mapped on each transparency, the total being limited to about 10, For inetance,
in selecting a desirable road Tight-of-way, one mep may featurs density of existing huzan
habitation (perhaps in a mumber of categories such as high, medium, low, or in actual
quantitative deneity classes). L second map may show cost of right—of-way acquimition (in
a mmber of cost classes). A third map may show severity of disruption to wildlife and
fisheries values; a fourth may indicate impact on produstivity of agricultural land,.




Finally, the total impact of the Belected factors can be shown viemally or quantitatively
on every land unit of desired size. The desired corridor can then be selacted along tha
'minimim impact' route, Computer programmes are available to display the desirsd map

information and c¢an be adapted readily where the necessary hardware and techmical mow=how
is available,

The method is selective, as only a limited mumber of impacts can be considered; while
spacial patterns are well defined, magnitudes of effects are more difficult to show;
uncertainty snd extreme impacts with small probability are difficult to illustmate. Never-

theless, the method ie useful for large regional developments and for corridor selestion
problems,

9., THE BATTELLE ENVIRGHNMENTAL EVALUDATION SYSTEM

The Battelle Environmental Fvaluation System wee developed specifically to evaluate

the impacts of water resource developments, but it has wide application in natural resource
fields in general,

One of the most difficult probleme of impact analyeis ie to compare in a quantitative
and objective manner the impacts observed or predicted for various parts of the total
environment, The ranking of a mumber of alternative action possibilities, or the
comparison of environmental conditions "with" and *"without™ a yiven activity, also require
that impacts be measured in comparable or commensurate units.,

To account for the availability of different 'levels' of information, the system is
hierarchical in nature, ranging from the moat generic level of four envirommental
‘categories’ to the most detailed level of emvironmental ‘indicators'. (See Table 3),

The procedure essentially consists of three main steps, the third level of organization
{ environmental parameters) being used as the key level for analysisg

a) By the use of a value function, all parameter estimates are transformed into their
corresponding level of environmental quality, which ranges from O to 1 {see Fig, 2).
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Figure 2, Typical value function used in Battslle Evaluation System

b) The relative importance of various parameters has been expressed in Parameter
Importance Units (PIU's) = see Teble 3. Although these units provide the
necessary wniformity between projects, they do place a somewhat empirical
constraint on the method ae a whole,




Table 3:

BATTELLE ENVIRONMENTAL EVALJATION SYSTEM

{Dee et al., 1972, Reference 1)

[ ENVIRONMENTAL IMPACT |
1

[EeTw] o

L
| Environmental Pollution | 402 I Aeethetics l 153

I

1
Human Interest | 205

Species and Populations Water Pollution Land Efucational/Sciontific Packages
Terrestrial %ao Bagin hydrologic loss (6) Geologic surface EP ;mliao;ogical
14) Browsers and grazers 25) BOD — mgtaria.l || 3) Eco ogica
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| i i 5) Animale — wild 37
14) Species diversity ]
: EOO Land Pollution '] (9) Diversity of
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¢} The Environmental Impact Unit (EIU) of action on a given parameter is
calenlated by multiplying the Parameisr Importance Unit (PIU% from step ()
above, by the Environmental Quality (EQ) celculated in step {a) above,
i.e. (EU) = (PIU) x (EQ).

The total EIU's for each major category (ecology, snvironmental pellution
aesthetics and human intereat) can then be compared for different project
alternatives, or for "with" and "without" a given project.

The major difficulty naturally arises in deriving the value function of a given para-
meter { step (a) above), though qualitative ranks may be used here in the abeence of real
data (i.e. zeroc, low, average, high).

The Battelle System has a mumber of sdvantages, aesuming that both technical data and
human rescurces are available for its use. The analyst may use any leval of detail which
is available; the system is fairly objective, in that it uses standardized parameter weights
and generally available technical data tc calculate impact indices, Disadvantages include
the fact that some impactis may be measured more than once in different categories and that
interactions and synergistic effects are not evaluated, However, it does incorporate a
‘red flag' or warning system to alert the anslyst to potentiaslly eerious impacta.

10, CONCLUSION

There is no 'best' method of carrying ocut an environmental impact analysis. 49
projecte vary in size, significance and complexity, different methods of analysis, or
combinations of methods, will be required., As in other fields, experience is the best
teacher and neopbyte analysts should not be deterred by lack of knowledge or experience at
the outset. However, the necessity for an interdisciplimary team approach camnot be over—
emphasized, and the need for expertise in a mumber of fields may well serve to promote

betier co-operation between groupes of scientists or agencies which previously tended to
work in relative isolation,

Even where no legal compulsion existe to force the preparation of environmental impact
statements, today's natural resource manager should take it upon himself to ensure that the
adverse environmental impacte of his decisions and activities are minimized, While there
will be many cases where congsideration of short-term benefit or profit for an individual or
for a small rumber of people, will be allowed to over—ride the wider, longer—term benefite
of careful resource utilization, a conscious striving for environmenial quality has certainly
become one of the most eseential ingredients of natural resource management,
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iv.
EVALUATING RESULTS OF CONSERVATION PROJECTS
by

Centre Technique orestier Tropical, Francs l/

1. EVALUATICONS (F RESULTS
Soil conservation and restoration measurds can be classified under two headings:

i} those essentially confined to cultivation techniques, which serve to rsetore
or enhance productivity on a short-=term basis; and

ii) those involving longer—ierm erosion control projects which are designed to
prevent the permanent and irrevereible deterioration of soil productivity.

Msasures of the first type coet relatively little and are obviously in the best
intereat of farmers and may be left to the farmera' individual initiative; those of the
sacond type entail heavy investment, but have a long-term effect and produce commnity-wide
benefita, In thie latter case erosion control is considered a problem of interest te
society in general.

In priiciple, public authorities could confine their cbligation to the second type
of activities without expection of short-term profits or financial reiurns. However, a
conpreshensive ercosion=control programme can only attain full efficiency when the entire
complex ie considered, including the activities of farmers whose interesis lie mainly in
short=term preoductivity,

The public and private intereste are inextricably linked. Their social, economic

and financial benefite muet therefore be judged in an overall perspective as a result of
both rural land development and agricultural development projects.

2. EVALUATION (P ECONOMIC RETURNS

241 Evaluation Approaches

The ecenomic profitability of a soil conservation project may be evaluated at
different etages in the progrees of the project ae:

a) & priori, %o estimate the project's profitability as compared with other possible
investmento and tu secure financing, usually from resources cutside the country.

1/ This paper originally appeared in the French language as Chapter IIT in the book
"Conservation des sols du sud du Sahara”, which is part of the CTFT series "Techniques
Tursles en Afrigque®, The translation into Engliesh was made by FAO in Rome and the
material is used courtesy of CTFT, 45 bie Averme de la Belle Gabrielle, 94130 Nogent-
sur-Mame (Val-de-Marme), France. Special apprecistion ie extended to Mr. P. Goujon,
Directeur d'Etudes, for his cooperation, '




b) a poeseriori, to check against initial estimates and to determine goals which
8till need to be achieved and to seek additiomal financing or permit nationel
authorities to take over when deemed advisabla,

Economic profitability, in the broadest nense, always shows a poeitive balance, even
if appraised at each successive stage, Thus, it can be used as a platform to gain public
support. Nevertheless, in economice, the situation musi be reviewed conetantly, with a
view toward poseible modification and improvement of action, including the coneidermtion of
all possible altermativee and combinations of production and input factors, In this way
remlts are gauged against & much broader background ranging from such things aa soil
capability studies to marketing research.

In this paper, we shall confine cursalves to a description of the two moat direct
aepects of economic evaluation: (i) cost/benefit analymis; (ii) definition of applicable
profitabiliiy criteria. ’

2.2  Copt/Benefit Analysis

Whatever profitability or benefits criteria are selected, their use requires
preliminary coeting and eetimates of returne from the project. Obvicuely, the accuracy of
such estimates is greater when done after the project is completed if done in advanca.
Nevertheless, baseline data muset be compiled to limit survey coets.and enhance ite accuracy,

2.2.1 Costing

Costs fall under two headings: (i) investment and installation costs, and (ii) up-
keep and operating costs.

Investments and irnstallation coete include those of
a) losses due to demolition of existing facilities, if mecessary;
b) land purchase or indemnification for appropriation;

c) constructing erosion control projects { mmterials, energy, labour, including the
value of nonpaid labour);

d) resettlement costs, in cases where relocation of population are necessary.
Maintenance and operation costs, assessad for an average year, comprise:

a) cost of upkeep of the erosion control projects, including remunderation of
non-wage labour;

b} o) erating coste (manpower training, instruction, extension work, overheads, etca) s

c) costs to farmers, including wagee for extra labour required to work a larger
land area or coste of changeover in farming systeme.

Sufficiently accurate costing of a) and b) above can be requested directly from the
management agency. However, the assessment of farming costs musi Ve obtained by a survey
of the fimancial outlay and labour time of farmers, which requires rather elaborate methods
of data collection to cover both the pre—investment period and the current oparation period.

2.2.2 Receipts or income

Direct returns from the operation correspond essentially to the additiona} grose
product ascribable to the project. Two inventorise are needed, one conducted prior to
initiating the project and the other after the project has produced results, Both surveys
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should appraise the agricultural and forage production potential of the zene, the changea
in which will have a direct impact on stock—-raising.

Depending upon the ecope of the project and the means availeble the appraisal can be
done either by statistical methode or by eimpler estimation methods (esgs, land area measure-
ment by aerial photography, weighing the quantity of seed used or the mmber of plante per ha,
forecasting agricultural crops by the method of measuring yields from campling plote, starting
from valume of crope either stored, ehipped or marketed, etc.)

The finding of the two inventories must alse take into account exceptionsl factors
(weather, eic.) as well, in order to determine the average increase in anmual gruse product
actuslly attributable to improvements made by the project,

Insofar a2 possible, account mst be taken not only of the increase in the grose
product over ths original amount but aleo of the presumable loases that might have occurred
from the soil degradation had there been no project.

2,3  Criteria for Assessing Profitability

The economic profitability of a rehabilitation or conservation project aiould be
appraised by the most direct means first, and then the bases for judgement abould be
gradually broadened, One good criterion for assessment of a long-temm inveniment is the
profits realigzed.

2.3.1 Frofits realized
For an initia)l investment (1) covering a pericd of O to n years with returns (R) v

againet expenditures (E), assuming that the intermal rate of retumrn (i) remains constant,
the profits realized are computed by the following:

; . R, _E, R, _ E, R, _E,
- = + + — 4 omseene
1-1 (1 +4)2 (1 + 1)

Now in a soil conservation and restoration project, at lesast when the end purpose is
the improvement of agricultumal and livestock production, the assumption can b2 made that the
levels of returms and expenditures will remain relatively constant from one year to the next,
once the project becomes operational,

Furthermore, to the extent that regular maintenance of the erosion contrel nstwork
ia ensured, the life—span of the investment is assumed to be practically unlimited., Since
land often hae no stated value, there ie no other way to sssess the benefits derived from
goil conservation than by running a sequence of the srtra production atiributed to the
project were it extended over an infinite time.

Assuming constant net returns, and a number of years reaching infinity, the profiie
realiged amount to, at the outside:

R~-F

P e« =14+ T

The next step should be to select an intermal rate of return {i) which corresponds
to the type of works to be undertaken and the gensral economic conditions of the country.

1/ Editor's Note: The internal rate of return mey be defined as the rate of dipscount
(interest) which makes the present valus of the entire stream of future net profits
from the investment equal to the cost of the inveatment.
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In order to avoid theoretical problems raised by such a choice it iam necessary to determine
what rate cancels the profite realised by comparing rates adopied for other projects. The
internal financial rate thue calculated helps decision making.

The internal rate of return carresponds neither to the intersst rate applied to the
funde invested, nor to the prevailing market interest rate. It indicatss the relative
importance of future in relating to currsnt ones,

For public investments in Frence ihis rate, according to the "Plan", is 7 percent
{ the actual rate ie 11 percent). In Africa it may reach 15 percent or more, 1/

Note that in calculating the profite realised, the same rate is used for both current
net returns and its investment apread over several ysars,

2,342 Profits realised, taking added value into account

The calculation of profits realised makes it posgible to get an idea of returns on
invested capital and the profitability of the project.

Very possibly, the net profit of the management agency and the increase in income of
farmers will not be sufficient to make the investment a profitable one, There may even ba
a loes. This does not mean that the project is not worthwhile if Been from a brosder stand-
point that considers returns on all factors of production.

From this standpoint the term "anmual net returns" are replaced in the formla for
profits realised by the term "added value"” which includes, in addition 4o the net raturns,
remineration for labour { including non-wage labour) as well as any posaible taxes, The
profite, thus realised, are shown by the formala:

VA
P = =1+ -
Additional "added value" that expresses the increase in gross mational product due
to the land waragement scheme may be Lased on ustimates of other partial criteria referred
to capital., It gives a truer idea of the afficacy of the investment in terms of the mumber
of workers or families affected by the project; it indicates the impact on the level of
living, referred to land area, and it provides a Bcale for the agricultural yielde obtained.

2.3.3) Indirect economic effects

The economic effects of any soil conservation and reclamation project actually go
beyond those strictly pertaining to the project. Any assesement of result® muet aleo
envisage various other economic benefits not all of which can be put into terms of crop
preduction or income,

The benefits inciude:

- the effects of manpower training on new production and investment boih pre- and
post~ project;

= the mltiplier effect on income derived from income created by the project at the
level of farms, transportation, marketing, the processing industriee and other
sactors of ithe economic supplying inputej

)/ Editor'as Note: These figures in the original French mamscript wers pra?ared prior to
recent economic changes; therefore, the values are now rather conservative. Internal
rates of return of 20 percent or more are not urmenal for development projects.
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~ +the impact on the national balance of payments, which is particularly important in
those cases where the balance suffers from a structural disequilitrium,.

These benefits (which are only the obvious cnes) are difficuli to quantify, since
their estimation presupposes some acquaintance with the expenditure/income strucutre of the
varimrs economical agents ag well as with the functioning of many economic pathways. Little
is known of the economic fliow patternme in the developing countries, and what ie known ise
only partial and discontimious. This restricts evaluation of the impact of any particular
investment on the overall economic systemj neverthelese, it is etill important to try by the
best means poseible to determine the impact of such investment.

3. ASSESSMENT (F RESULTS FROM THE SOCIOLOGIGAL STANDFOINT

As with economic results, it is not possible to make only a posterioeri study of the
impact upon the human population of any development project when the investment and, to a
lesser extent, the organization and functioning of the project have become irrevergible,
In fact, a sBoil conmservation or land reclamation project may completely alter sociological
patterns. The social changes should not be allowed to occur in chaotic fashion, but ehould
be organized and fitted to the technological and economic changes. The sociological impact
is not merely of statistics; i* is also the principal means for making the project success-
ful, Therefore, sociological impact studies should be done in three successive phases:

~ an analysis of the human milieu and of sociological and organizational structures;

= a definition of norms, etandards and ways and means for altering this milien for
immediate application;

= @& critical analysis of changes in the original eituation affected.

3.1 Analysis of the Human Milieu or Society

The appraisal of the traditiomal sociological miliew shculd be based on & series of
surveys and research centred on the pointe outlined below,

As a rule such studies muest be based on available documentation supplemented by field
gurveys conducted by psycho=sociologiste. In some instances, rather rare ones, a
preliminary statietical survey may bs justified. 1/

3.1.1 Demographic and sociological features

- The total population of the area, the population structure (eex, age, ethnic
groups, vocations or occupations, etc.) and future trends, in the light, on the
one hand, of matural changes and, on the other hand, in anticipation of either
gpontaneous or organized population shifts or migrations;

~ dats on community life (clans, lineage, families)$ soyial stretification, the
linee of suthority and political organization; existing village communities,
their composition { ethnic groupings, relationships, age groups, social etatus and
litical role of members) occupations and economic activities, their functioning
{errciae of authority, relatione between members) and their spatial distribution
definition of village lands).

1/ Editor's Note: The reader may alsc want to compare the parameters listed in Parts 3.1
and 3.2 which ere orientated toward Africa to those recommendad in the paper by Eren,
which are drawn from his experiencs in Asia.
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31,2 land termre structure

- definition of levele of land holdings (by tribes, class, individuals) and
manners of land termre {as property, or use rights);

- methods of acquisition, tranemittal and alienation of land titles or rights;

~ authorities on land terure affairs and settlement of land disputes;

~ relation between land rights and social, political and religicus systems;

- farming practices { farming directly by holder, land leasing, share=cropping, etc,)
3a1.) Famm structure

- wize of farme and mzin features (area, mumber of farm workers, capital);

- organization of work (division of labour on farms, collective farming and
individual farming);

= traditional crops, cultivation techniques and stockraising systems,

3,1.4 Attitodes and behaviour

= reactions of farmere to schemes or action projecte launched or planned;

— Their understanding of and viewe on, social and economic¢ progress ( scale of
values, expression of needs, etc.).

3.2 Definition of Standards and Means of Acticn upon this Milieu

Sociological research, whether conducted earlier or at the outset of the project,
have more than the single goal of svaluating the milieu, Ite purpose is also to lay the
foundation for metting norms and goale and working out the means of altering the society.
This is a prerequisite to the success of a project., Thus, demographic researci: on the
nmigratory movements of people may involve problems of habitat, authority and the social
life of peopls with different backgrounds, Solution to these problems must be sought in
advance in order to avoid conflicts between ethnic groupe or between new imigrés and settled
land owners.

As regard land temire, erceion control projecte definitely increase land values,
This may entail contredictory claims or may encourage epeculation., Thus, before a project
has started it is important to delimit the precise boundaries of the land arsa to be
developed and to determine land titles and rights. The problem obviously will be aifferent
for different farme. It poesibly may involve appropriation of individual land holdings, or
there may be superimpomition of collective and individual titles. In the second case, a
possible solution is to declare the lapd to be developsd part of the public domain.

The next =step is to consolidate small plote and rediptribute them, with dus regard
to the extent possible of well-founded rights and titiss, Evicted land-owmera should be
coppenseted according to law, Contracts should be made with the new temants. They should
ostablish the comditions of land use, the manrer of transmittal of land rights, maintenance
coeta and financial charges.

This offers the advantage of granting the people on the land the only use rights,
Provisiona should be made to withdraw these rights in case the landowner fails to comply
with the contract.



Studiea of human pociety, especially those of eocial structure and of the behaviour
patterns of farmera should make it possible to decide what types of farming should be promoted
and what types of organization (village groupings, collective farms) would be desirable.

Such rezearch will also make it poseible to?

= adapt the manpower training and extension work programme to the specific human
milieus

= decide for which zones and categoriee of farmers modernization efforts should be
given top priocrity;

- discover enterprising people whose minde are open to innovation and who enjoy a
certain amcunt of prestige or authority ameng the farmers, and on whom the project
can depend for supportj and

- create a management body in which farmer representatives and adminisirationb
officers work together in supervising the maintenance and functioning of the
project,

3.3 Critical Analysis of C g8 Effected

Just as the social problems should be analyzed before the project is undertaken, so
should options on organization match the technological options. It is advieable at the end
of the project to make an analysis of its social and psychological impact.

The purposes of this analyeis are to:

- measure results of the transformation of the human milien {(e.g., the settlement
of nomads, the modernization of the farming syetem, etc.)}

- gepeBs the efficacy of the new organizatiomal stiructures;
- poll opinion of the people involved and find ways of improving their collaboration.

The information gathered cen be used to redress negative aspeots and to eliminate
any maladjustment due to traditional sociaml behaviour or organizationnl structures.

4. EVALUATION OF RESULTS FROM THE FINANCIAL STANDPOINT

The study of fimancial profitability, in the etrict sense of the term, is of little
intarest, as the principal purpose of a project ie to foster development by increasing the
efficiency of agriculture, rather than to launch a profitable financial venture.

Concern with financial profit-making mist be relegated to second place where no
private capital ie invested in the project and the financing is carried by national
authorities or by foreign aid. Apparently under these circumstances, the asseesment of
achievements must be thought of as an amalysis of cost distribution ameng the various
beneficiariee — the farmer, beneficiaries of the enhanced soil productivity and the mationsl

commnity, represented by the government of the nation, for whom the benefits are both long
term and more widespread.

Since the govermment — which originally makes the decision to invest in the project -
usually aleo undertakes the financing of the inmfrastructure and the paying off of any loans,
it seems reasonable that most of the operational and maintenance costs be borne by the
direct beneficiaries, 1/ '

]_/ Note that since the life span of the investment is, in principle, unlimited the reconstit-
ution of invested capital for renovation of the erosion control networks is not a matter
of concern, provided they are maintained properly.




Since the govermment = which originally makes the declieion to invest in the project =
usually alec uniertakes the financing of the infrasiructure and the paying off of any loans,
it seems reasonable that most 0f the operational and maintenance cosis be borns by the
direct bemeficiaries.

The goevernment'e contribution, actually corresponding to the difference betwsen the
total cost and ability of the fammers io pay, thus seems a foregone conclusion. Since
political will cannot change thie in the foreseeable future, it is eesential to ocarefully
calculate this aspect of the financing from the beginning.

Se CONCLUSIONS

The methods of evaluation of any soil conservation project camnot be prescribed as
a rigidly preconceived system. Tho moat diverse of situations zast be investigated and
understood, sometimes with very limited means. MNaither can such an investigaiion be
expacted to be very accurate since measurements can only be very approximate and the future
can only be predicted with uncertainty. Yet some effort at evaluation = to the extent
that it is not purely theoretical — is essentinl.

The achievements of any s¢il conservation project cannot be expressed in static
figuras, once and for all, but must be the dasis for continuing dialectics; further
action being decided on the bhasis of progress made,

6. FURTHER HEADING SUGGESTIONS

Reading the topic of agriculiural investments of poseible use to the reader may be
found in a number of books., However, a papsrback of partioular interest may bet "Eccnomic
Analyeis of Agricultural Projects" by J. Price Gittinger, The Economic Develocpment
Institute, International Bank for Reconatructional Davelopmeni, 1972, reprinted 1973,

The John Hepkine University Press, London or New York, 221 pp, FAO alao has aome guide=
lines but more farming oriented, such as "“General Guidelines to¢ ths Analysis of Agricul-
tural Production Projects", Agriculiural Planning Studies No. 14, 1971,

.1/ Note that eince the life span of the investment is, in principle, unlimited the
reconatitution of invested capital for renovation of the erosion control networks is
not a matter of concern, provided they are maintained properly.
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Figure 1. Building emwall bench terracen

for reforemtation in Norocoo,
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V.

APPLICATIONS OF REMOTE SENSING
TO WATERSHED MANAGEMENT

by

Albert Range
Goddard Space Flight Center
T

1. INTRODUCTION

Remote sensing from space atarted in 1960 with the launch of the first metecrological
satellite, TIRCS 1. Seversl generations of meteorclogical satellites have been flown in the
intervening years that have been of some interest to the hydrologic community. Manned apace
flights began in the mid-1960's and special photography experiments revealed much useful
information to & variety of interested earth scientiste. Colour and black and white imagery
of anowfields and surfece weater caught the interest of some hydrclogists and watershed
ranagers and initial investigative studies were begun. Becauss of positive results produced
by the initial investigators, an earth resources satellite called LANDSAT-! (formerly termed
ERTS-1) was launched on 23 July 1972 followed by the launch of LANDSAT-2 on 22 January 1975.
The dats from these two experimental matellites, the Nimbus reasaarch satellite aeriea and
the operational environmental NOAA satellites, are currently being used in a wide ranging
series of investigations by many scientists concerned with water resources. The resulta of
these lateat studies with LANDSAT data are well documented by Freden and Mercanti (11) and
Freden, Mercanti and Becker {12).

2. CURRENTLY AVAILABLE REMOTE SENSING SYSTEMS

Remote sensing in earth science ia not new and existed pricr to 1960 through the
employment of asrial photography. Low and medium altitude aircraft have been used for snow
surveys, wvcil mapping, highway location, oil and mineral surveys and land use planning.
Although these efforts existed prior to 1960, it appears that the launching of LANDSAT has
gerved to increase interesi in the water resources community for exploering in more detail

l/ Reasearch Hydrologist, Goddard Space Flight Center National Aeronautics and Space
Administration {NASA), Grsenbelt, Maryland, U.S.A., 20771. Paper prepared for presenta-
tion at the Symposium on Watershed Management, American Society of Civil Engineers,
11"13 Awt 1975' LOga.n, Utah.
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the applicationa of remote sensing (10}, Various types of remote sensing instruments and
platforms are available {some especially tailored for water problems) to water resources
investigators, but preasently the movst widely applicable senacra are the Multispectral Scanner
Subsyetem {MSS) on LANDSAT and the basic multispectral camera array flown on high altitude
aircraft such as the U-2. LANDSAT, providing repetitive, regional hydrologic information
from 910 km altitude and the U-2, providing high resclution, amall area coverage from about

20 km altitude, tend to complement each other over a wide range of basin 2ize and watershsd
management activities,

Remote sensing flights from low and medium altitude aireraft can generally be tailored
to guit the user and can be contracted for from a variety of private concerns and govern-—
mental agencies. High altitude migsions are flown frequently by NASA's Earth Resourcee
Aireraft Project (ERAP) in support of various satellite missions and other earth scisnoce
related research projects. The high altitude remote sensing platforms combine the advantages
of aatellite sengors and low altitude aircraft by being able to obtain high resolution data
over medium size watersheds. The sensor package of ERAP has evolved since 1971 to fulfil a
broad spectrum of investigator reguirements and needa and, as sush, ghould be applicable to
most watershed management needs. The basic camera package currently utilized for most
flighta is a four camera 70 mm format, multispectral array and a Wild RC~10, 6-inch (152 mm )
focal length camera. The four matched 70 mm cameras with 45 mm focal lengths are coupled
te provide z:multanecus images in discrete portions of the photographic spectirum similar %o
those images provided by LANDSAT. Each matched set of 70 mm images covers an area ahout
21 km square (approximate scale 1:445 000) with an average ground resolution of 12m. The Wild
RC~10 is a high quality, calibrated mapping camera using 9%-inch (240 mm) wide film. Each
scene from the RC-10 covers an area about 30 km square (approximate scale 1:130 000) with an
average ground resolution of 7 m. Colour infrared imagery (0.51 ~ 0,904 m) ie usually taken
with the RC-10 camera. A wvariety of cther longer focal length cameras, in various configura-
tions and eleciro-~optical sensors, ara available for special purpose flighta ae required.

Because of the small and medium area coverage c¢biainable from aircraft, data avail-
ability is somewhat restricted for many potential study areas. Spacecraft provide the
advantage of repetitive, regional monitoring of dynamic hydrologic systems over any area of
interest, cometimes at reasonably high resclutiona. LANDSAT 1 and 2 are identical vehicles
with orbital characteristics that bring each satellite over any given peint on the sarth
once svery 18 days. Each satellite makes 14 orbits a day, viewing a 185-km wide data swath
on the earth's surface each orbit. Southward equator crossing occurs at approximately the
same time each day -~ about 09:42 local eolar time. This orbital configuration provides a
day-to-day sidelap of the data swaths of 14% at the equator; because of the near-polar orbit,
the sidelap increases to more than 80% at high latitudes and thus allows daily coverage for
periods as long as 6 days in the polar regions. At the time of this writing both LANDSAT 1
and 2 are operating and the orbital configurations are such that the two satellites effec-
tively provide coverage over any peint on the eurface once every nine daye.

The LANDSAT paylcad consista of the following elements:

1) Multispectral scanner subsystem (M3S)}. The MSS scans horizontally along the
orbital track in 4 spectral bande: green (0.5 -~ 0,64m), red (0.6 - 0.74m)
and 2 near-infrared bands (0.7 - O0.84m and 0.8 - 1.1A(ms. During ground
processing, 70-um image frames of areas 185 km square are produced., The ability
of the MSS to resolve objects on the earth's surfece varies dspending on the
geometric characterimtics of a given object and its contrast with surrounding
features; generally the MSS achieves a spatial resolution capability near 80 m.

2) Return beam vidicon (RBV) television cameras. The RBV cameras view a successive
185- by 185-km areas in 3 different spectral bands:s green (0.475 - 0.5754m),
red (0.580 - 0.6804m) and near-infrared (0.698 - 0.8304m)}. This system is
currently on standby status on both eatellites. ) .
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1) Data collection system (DCS). The DCS is not a remote sensing experiment but
is rather a communications system. It collects information from some 150 remote,
unattended, instrumented ground platforms and then relays the information to
NASA ground stations for delivery to the users.

Skylab experiments in 1973-74 provided additional high quality space data for waver
resources studies. The Skylab Earth Resources Experiment Package (EREP), at a nominal
altitude of 435 km, used visibla light and near-infrared phctography and infrared spectro-
graphy, an eleciromechaniocal scanner and sensors for microwave surveys. The first manned
Skylab mission (SL-2) was from 25 May 1373 to 22 June 1373 and included only 11 earth
reacurces data passes. The second mission (SL-}) from 28 July 1973 to 25 September 1973
increaged the earth resources passes to 44 and the third mission (SL-4) from 16 November
1973 to 8 February 1974 bad 55 earth resources passes. Over 35 000 frames*of imagery were
obtained in addition te vast amounts of magnetic tape data.

The EREP sengors of prime interesi are ithe six-band multispectral photographic
camera {S-190A) end the earth terrain camera {S-190B). The S-iJOA spectral band images
included the visible and near infrared portions of the spectrum with resolutions ranging
from 30 to 79 m and covering areas 163 km square, The §-190B produced high resoluticn colour
black and white, or colour infrared images covering areas 190 km square. Depending on the film
used, resolutions ranged from 17 to 30 m. Because of the relatively short data collection
period, Skylab was not able to provide the regular repetitive coverage available from
LANDSAT but was able to produce the highest resoluticn earth resources photography from
space available to date.

On 15 October 1972 the National Oceanic and Atmospheric Administrationt's NOAA-2
satellite was launched inaugurating a series of medium resolution environmental satellites.
Since then NCAA 3 and 4 have also been placed in orbit. NOAA-2 is in a near-circular, sun-
synchronous orbit at a nominal altitude of t 500 km. It crosses the equator southbound at
08:51 local sclar time and provides two views of North America daily, one at about 10:00
and one at about 22:00 (local time). The orbital characteristics of NOAA 3 and 4 are very
gimilar to NOAA-Z.

The payload of the NOAA enviromnmental satellites includes a number of sensors, bui
the one of major interest is the Very High Resolution Radiometer (VHRR). The VHRR is a
dual-channel scanning radiometer sensitive to energy in the visible specirum (06 - 0.THm)
and in the infrared (10.5 - 12.5 am). The instantianeous field of view is deaigned to be
0.6 mrad for both channels. Ground resolution is approximately 0.9 km at the subpoint.
Although the VHRR is designed primarily for direct readout service, a tape recorder provides
a marimum of 8% minutes of recorded dala per orbit.

Table 1 summarizes the characteristics of remote sensing systems and datu which are
currently available to the water rescurces community for use in watershed management. The
following seotion describes how some of these data sources have been applied to water
regources problems.
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'Table 1 - Characterietica of Remote Sensor Systems Applicable ic and Available for
Water Hesources Managemant

. Speciral Banda Area of Coverage Nominal Resclution Frequency of
Vehicle/Sensor {(4m) {kilometres?) {meires) Coverags
U-2/Vinten 0.475 ~ 0.575 425 12 variable
mul tispectral 0.580 - 0.680
cameras 0.683 - 0.T760

0.510 - 0.900
U-?/Wild 0.510 = C.900 875 T variable
camera
Skylab/Earth 0.4 = 0.7 11880 17 - 30 variable
terrain camera 0.5 -~ 0.7
005 - 0.88
Skylab/ Q.4 ~ 0.7 26570 -79 variable
Mul tispectral 0.5 - 0.6
photographic Q.Y - 0,88
camera 0.6 - 0.7
0.7 - 0.8
0.8 - 0.9
LANDSAT/ 0.5 ~ 0.6 34225 80 Once per 18
MSS 0.6 = 0.7 days (two
0.7 - 0.8 satellite
0.8 - 1.1 gystem pro—
vides cover-
age every 9
days over
U.S.)
NOAA/VHRR 0.6 - 0.7 sub-oontinent 900 twice per day|
10.5 ~ 12,5
i RECENT REMOTE SENSING ADVANCES IN WATERSHED MANACEMENT

3.1 Snow Mapping

The mest definite snowpack feature that can be extracted from spacesraft or aireoraft
is the area of the watershed covered by snow. The extraction of snowcovered ares from
satellites using vieible and near infrared imagery has been testsd succeagfully againet low
and high altitude aircrafts measurements and thoroughly documented in hand-book form (3).
The extraction of other more meaningful snowpack parameters, such as water equivalent and
depth, is etill in the research stage, although water eguivalent values obtained by
measuring the snow's attenuation of natural gamma radiation from exiremely low sliitude
aircraft have been very promising {4,16). Such techniques are not nearly operational,
however, and it ia fortunate that a good correlation has been observed between satellite-
observed snowcovered area and snowmelt-derived streamflow (22). Two approaches wers used
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to investigate relations between snow extent and runeff. Initially a large watershed with-
out significant upstream diversions (the Indus River above Attock, Pakistan) was monitored
from 1967-72 using low resolution, meteorological satellite data and International Hydrologi-
cal Decade streamgage records. The average area covered by snow near the beginning of

April was related in a simple regression analysis to runoff occurring from 1 April to 30
June. The regression relation ghown in Figure 1 was significant at the 99% level.
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Figure 1, 3Satellite-Derived Snowcover Estimates Versue Measured Runoff for
the Indus River, above Attock, Pakistan, 1967~-72,

Subgequent examination of the shorter term, but higher resolution, LANDSAT data in
the Wind River Mountains of Wyoming, U.S5.A., indicated that similar relationships existed
on watersheds as small as 200 km2., Pigure 2 shows the annual variation of snowcover in the
Wind River Mountaine during the 1972-T73 snow season. The snowcovered area wae measured in
detail on seven small watersheds for two years. Thres watersheds were classified as high
elevation (== 3 050 m mean elevation} and four watersheds were clasesified low elevation
(«<3 050 m mean elevation). The specific watersheda in these two classes were assumed 1o
bte similar for purposes of producing a composite data bage with more than two points. The
gnowcovered area on 15 May was measured and related to the 15 May - 31 July streamflow for
each group of watersheds for the twe years. Resulting regression relations were alsc sig-

nificant at the 99% level. PFigure 3 illustrates these relations for the low elevation
watersheds,

Although rough estimates of runoff could be made using the equations shown in
Figures 1 and 3, the importance of such relations reste in the fact that the differences
in the areal snow extent as observed from space are quantitatively related to snowmelt
runoff and, ae a result, indirectly related to the volume of water on a watershed. Satel-
lite snowcovered ares data, in combination with conventionally gathered data, should be
most effective as an additional index parameter for seasonal streamflow forecasting and
should be useful for reducing errora associated with current prediction technigues. These

same snow extent data should be of value to the few watershed models reguiring snowcoversed
area inpnts.
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Figure 3. LANDSAT Derived Snowcover Estimates Versus Measured Runoff (1973
and 1974) for Four Watersheds Less than 3 050 metres Mean Blevation
in the Wind River Mountains (Rocky Mountain Region), Wyoming, U.S.A.

Hecause of the promising aspecis of satellite snowcover mapping, NASA is currently
aponaoring a cooperative demonstration project dealing with the coperational applications
of satellite snowcover observations. Federal agencies such as the U.S. Geological Survey,
U.S. Bureau of Reclamation, Bonneville Power Administration, U.3., S0il Congervation Service,
U.S. Army Corps of Engineers and the National Oceanic and Atmospheric Administration and
state agencies such as the California Department of Water Resources, Colorado Division of
Water RHesources and the Arizona Salt River Project are currently attempting to test the
satellite data by incorporating them into their operational proceduresz, This project
includes four major study areas and 17 watersheds in the West. The studies underway are
employing hydrologic modelling, regreasion analysis, low altitude aircraft flighis, calcula-
tion of melting snow areas and the LANDSAT data collection system in addition to basic photo

interpretation. Results and cost/benefit analyses from this project will be fully docu-
mented.

3.2 Surface Waiter Inventories

High resolution, near infrared sensors such as those on LANDSAT can be used io
definitely measure the extent of surface water because of the strong near infrared contact
between water and adjacent land. Numerous results from LANDSAT studies indicate that water
bodies as small as 0.01 kmZ2 can be delineated with eage. This makes tha monitoring of
surface water using LANDSAT feasible, even on small, inaccessible watersheds. The U.5.
Army Corps of Engineers has been employing LANDSAT data for locating and counting bodies
of water larger than 0.02 km?, calculating their area, identifying their shape and locating
dam sites on major rivers in response to Federal legal requirements (17). For larger
water bodies LANDSAT has alsc proven useful. Goddard Space Flight Center has recenily
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supplied the U.5. National Committee for the International Hydrological Decade with a
computer printout noting the location, surface water area and north-south and east-west
maximum dimensions of the 128 surface water bodies in the U.S. that cover more than 100 km@
as measured from LANDSAT. These data will be used as part of a global surface water
inventory. Ome drawback of using LANDSAT is that for lakes leas than 10 km? the data
reduction and processing becomes formidable for large area surface water inventories.

3.3 Flood Assessment and Mloodplain Mapping

LANDSAT data are the most pertinent kinde of satellite information for flood observa-
ticns because of the relatively high resolution, cartographic fidelity and the near infrared
sensors. Mapping of floods using LANDSAT data has been reported by Hallberg, Hoyer and
Rango (13), Deutsch and Ruggles (9), Rango and Salomonson (19) and Williamson (29). Areas
inundated are detected in the near infrared LANDSAT bande as areas of reduced reflectivity
due to standing water, excessive soil moisture and vegetation moisture stress. Mest
important is the fact that LANDSAT observations, as late as two weeks after the flcod erest,
will otill show the characteriatic reduced near infrared refleciiviiy of the previously
inundated areas, which essentially reduces the need for obtaining satellite observations at
the time of peak flooding. Other investigations (6,20) have shown that areas likely to be
flooded, known as floodprone areas, tend to have multispectral signatures which are at times
different than the signatures of surrounding non-floodprone areas. The floodprone areas
have unique natural vegetation and soil characteristice as well as different cultural
features acquired over a long pericd of time in response to increased flooding frequency
that enable them to be distinguished from the non-floodprone areas. The same investigations
cited above have also shown that the LANDSAT floodprone area signatures have, as yet, an
unexplained correlation with the 100 year flood engineering and legal boundaries, The

reasons for these feriuitous correlations are currently being investigated using LANDSAT
digital data.

flood and floodprone area observations from LANDSAT are indeed promising, but only
on a regional basig. [Most satellite photographic flood mapping has been done at 11250 Q0D
scale. Digital LANDSAT flood and floodprone area maps hava been produced at 1:24 000 and
1:62 500 scales, but they do not meet national map accuracy standards. For wany legal
requirements, it is necessary to generate products at even larger scales. As a result
flood assecsment on small watersheds must generally be done using high reaclution, colour
infrared photography such as available from the U-2., Such imagery provides the needed
resolution for mapping inundated areas. The detection of floodprone areas at requirad
legal scales has also been performed using aircraft data (i4). It appears that for most
watershed management flooding applications, high resolution aerial photography is the basic
ard necessary tool. LAND3AT data can be used to provide an excellent regional flooding
overview {(and on large watersheds) as well as a temporal floodplain menitoring capability.
Until higher resolution satellite data are available, however, aircraft will provide the
moat meaningful data.

3.4 Hydrologic Land Use Analysis

Knowledge of watershed land ume is important because a record of surface cover
characterisiica can be used to refine estimates of the quantity, quality and timing of
water yield in response to a particular precipitation event or watershed ireatment. Various
watershed models require up-to-date land use inputs for calibration purposee and, hence,
better streamflow simulations. These land use requirements can be met by various levels
of remote genaming data. I% is generally egreed that valuable land use maps can be produced
from LANDSAT data at 1:62 500 and 1:24 000 scales (2,18). Extraction of such data from
LANDSAT information is being carried out at Goddard Space Flight Center using digital multi-
speciral classifications on the Patuxent River watershed. The data from this etudy have
been used to calibrate a parametric hydreclogic model on a particular subwatershed 80 km?
in area. HResuits from this study indicate a number of waaknesses in data extraction capa-
bilities. First, LANDSAT deta from one date alune cannot be used to clasaify land use of
the entire waiershed. Temporal data must be used to produce a total area land use classi-
fication. Secondly, using satellite data level I (forest land as an example) and only some
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Level II (deciduous forest as an example) land use classes can be obtained because of
resolution limitations. If more detailed land use informaiion is desired, the high altit
U-2 data must be used, Results indicate that all information desired by a planning agenc;
could be supplied by this data source. Data extraction is much more difficult and
expensive from aircraft, however, because it is net as easy ftc acquire and not as amenabls
to automatic extraction as satellits data are. U-2 colour infrared photography over the
Patuxent River watershed, however, has been digitized and used in sutometic classificatio

programmes in the same way as LANDSAT data. Results are similar to LANDSAT, but more
detailed.

3.5 Physit graphic Characterization

Physiographic observations such as basin area and shape, stream network organizati
drainage density and pattern and specific channel characteristiics can enable an investigat
to estimate the mean annual discharge and mean annual flecd flews from a watershed, as we
as the rapidity of watershed response to a particular rainfall event. In general, the ki
of dynamic hydrolegic information available from the repetitive coverage of LANDSAT canno
be cbtained from topographic maps. Further, in some areas single LANDSAT images offer mo
geomorphic information than is available on comparable scale maps (28). In a study cover
a variety of U.S. physiographic regions, Rango, Foster and Salomonson (21) found that wat
shed area, watershed shape and channel sinuosity measurements from LANDSAT are generally
comparable to gimilar physiographic measurements derived from topographic maps regardless
of study area. Drainage networks are well delineated in 2reas of dissected topography wi
detail on 1:100 000 scale LANDSAT enlargements commensurate with information on 1362 500
scale topographic maps (see Figure 4). Low order streams are difficult to detect in
heavily vegetated areas with little local relief or in areas where stream channel develop
ment is limited. In such areas LANDSAT derived drainage densities tend to be less than
those obtained from equivalent scale topographic maps. Temporal LANDSAT analysis slightl
improves physiographic detail in these areas, however, marked improvements in feature dis
erimination are obtained only by using nigh altitude U-2 photography. The combination of
these two remote sensing platforms allows for the extraction of all physiographic paramet
neceasary for a watershed analysis, except for detailed channel dimensions.

LANDSAT 1:100,000 SCALE ENLARGE- USGS 1: 62,500 SCALE TOPOGRAPHIC MAP
MENT OVERLAY, JANUARY 2, 1973 OVERLAY

Pigure 4. The Drainage Network of the Kickapoo River (above La Farge)
Extracted from LANDSAT Imagery and U.S. CGeclogical Survey Maps.
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3.6 Hatershed Models

Much of the information capable of being extracted with the remote sensing approaches
mentioned previously can be used in the calibration or operation of numerical watershed
models, especially in dats sparse regions. The suitable data include land use classifica-
tions, stream channel and other physiographic parameters and snowcovered area. The question
that must be answered is whether the necessary data can be extracted with remote sensing at
the appropriate scale or accuracy. One parameter required of moat models is watershed
impervious area. This parameter consists of & combination of specific land uses inoluding
urban development, sireets, parking iots, roof tops and conatruction mites. The extraction
of an integrated percent of impervioua area parameter would be exceptionally usaful and
has been inveatigated on the Anacostia River watershed in Maryland by Ragan (unpublished
results, 1975). LANDSAT automatic olassifications of impervious area wers compared to
results from an earlier study which employed manual measurements taken off low altitude,
largs scale aerial photographs. Approximately 94-man days were required to complete the
Tequired land use analysis using the aerial photographs. Less than three man days were
required to accomplish similar taske uming the LANDSAT data. Analyais of the LANDSAT data
provided an estimate of the basin imperviousness of 19% whereas the aarial photographic
etudy had resulted in a 24% figure. Agreement between the conventional vhotographic method
and the LANDSAT approach was excellent for subwatershed areas as small as 1.48 km?, Ragan
(unpublished results, 1975) felt that the correspondence between the two methods was more
than adequate for any of the hydrologic model impervious area input requiremente.

In addition to this study, a sensitiviiy analysis has been performed which has
identified the input parameters im the Kentucky Watershed Model that are amenable to
current remote sensing systems (1). The input parameters that can be obtained with ramote
senging at an acceptable acouracy include watershed area, fraction of impervious area,
vwater surface fraction of the basin, vegetation interception waximum rate, mean ovarland
flow surface length, overland flow roughness coefficient and fraction of the watershed in
forest. Other parameters have basen identified as potentially extiractable as improvements i
in image interpretation and analysis technigues become available and new remote aensing

methods are developed. Tests are currently being conducted uging existing map data and
up-to-date information from remcte sensing to determine if remote sensing-based model
calibrationa provide any better streamflow simulationa than calibrations bamsed on conven-
tional data. Numerous models, watersheds and kinds of remoie sensing data are being
evaluated at Goddard Spuce Flight Center to come up with some definitive conclusions
regarding the applicability of remote sensing for watershed modelling.

3.7 Data Collection System

The collection of certain hydrologic information, such as river estage, snow water
equivalent, water quality and groundwater level is not presently amenable to operational
remote sensing. Nevertheless, accurate and rapid observations of these parameters are
needed and matellitea provide a dependable means of collecting end relaying this informa-
tion. The LANDSAT data collection system (DCS) has demonatrated the use of this cepability
in several instances (7). Some 150 data collection platforms (DCP) are in operation across
the United States. At these DCP's, conventional hydrologic measurements are made and
relayed via the satellite to the user in near-real time. In Arizona, for example, during
the unusually large snowmelt eventis that occurred during the spring of 1973, data from the
LANDSAT DCP'a provided essential snowmelt-runoff information in time periods of leas than
one hour. This hydrologic information conesiderably improved the management of water runoff
in the Salt and Verde River watersheds and lessened the inconvenience due to flooding in
the Phoenix area. In general, the reliability of the DCS has been demonsirated to be
comparable or betier than ground-based microwave ielemeiry relay syetems in all cases
tested. The Geoatationary Operational Environmental Satellite (GOES) provides an additional
data collecticn system that permits continmous 24-hour interrogation of sensors over large
areas. Recent research has seen more sttempte to integrate the DCS data and the aatellite
images in order to more completely characterize the basin hydrologic cyole.
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4. DEVELOPING FUTUHE REMOTE SENSING CAPABILITIES

4.1 S0il Moisture Determinations

Although goil moisture is one of the most important parameters needed for solving
water balance equations for watersheds, remote seneing techniques for assesming soil
moigture are currently being developed and have yet to be fully tested, LANDSAT multi-
opectral observations seem tc enable relative estimates of moil moisiure based on the
differential response of wet and dry soils, which is most pronounced toward the near
infrared LANDSAT bands. Additionally, multispectral soil mapping with LANDSAT data bas
been affective in oertain areas, generally where vegetation is eparse. In these sparasely
vegetated areas, variations in reflectivity appear to be related to mcisture in the near-
surface soil. The fact that only qualitative inferences about surface scil moisture can
be made in bare socil areas does not sllow LANDSAT to be used effectively for moisture
balance daterminations.

The uge of thermal infrared data to detect aovil molsture variations has been con-
sidered baaed on experiments in Arizona (15). These experimente indioated that the greater
the moil moisture percentage by weight, the lesa the diurnal asurface temperature variation.
1f these initial variations hold true in fuiture gtudies, thermal infrared data from the
VHRR on the NOAA satelliter (and other sensors) should be useful in detecting quantitative
goil moieture variations that would be useful in irrigation planning. The effect of

vegetation is largely -an unknow;i factor, however, and muai{ be evaluated by further research
efforta.

Paussive and active microwave frequencies are very interesting for soil mojsture
moni toring because microwasve radiation penetration capabilitiea reveal some information
about the make-up of the subsurface. Since the dielectric constant of water at microwave
frequencies is quite large (as much as 80), whereas that of dry soil is typically lese than
5, the water content of a soil can greatly affect its dielectric properties (24). Recent
experiments with airborne microwave radiometers flying over unvegetated terrain indicate
that microwave brightness temperature is a function of the wavelength of the radiometer and
the diatribution of moisture in the soil. It appsars that the longer tke microwave wave-—
length, the greater the soil penetrability and the greater the information about soil
moigture with depth. Even the shorter microwave wavelengths produce much valuable near
surface goil noimture data. In general, the greatsr the scil meoisture percentage by weight,
the leas the ricrowave brightness temperature. $Soil properties have a much greater influ-
ence on the microwave return at short wavelengtha {<.5 cm) than at long wavelengthe (21 cm).

Studies are coniinuing on the effects of vegatation and surface roughness on the microwave
emission from the soil (24).

In December 1972, NASA launched the Nimbus 5 satellite carrying on board the elec-
trically scanning nicrowave radiometer (ESMR). This coarse-resclution passive microwave
instrument {A = 1.55 om) provides a capability for monitering surface and near—surface
moisture features over extremely large areass. In an initial study using early ESMR data
over the Missiasippi Valley, the microwave brightness temperature fluctuationa were
compared with a number of lnown hydrologic parameters. The correlationa were best with
precipitation, indicating that ESMR is indeed monitoring soil moisture changes in a layer
just beneath the surface {25). Such observationa may provide an index of the susceptibility
of a particular area to flooding or its readiness for the applicatien of irrigation water.
Watershed studies will not benefit from such informaiion, however, until markedly improved
resolution sensors are available. Active miorowave experiments show additional promise,
but research in this area is only beginning and definite results are not yet available.

4.2 Future Space Systems

A number of satellites are currently in operation and a number of new vehicles will
be launched in the next tan years. Varying freguency of coverage and spatial resclution
capabilities permit different typesm of water resvurces phenomena to be observed with the
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various systema. Figure 5, adapted from Salomonson (23), shows a representation of various
phenomena to be obmerved, time pericds of observation, distance scales and capabilities of
existing or planned unmanned spacecraft systems. As an example, LANDSAT generally observes
various water resources phenomena no more than once every 18 days and identifies objects
with at least one dimension 80 metres or greater. The other currently operating satellites,
the Nimbus and NOAA series, are making observaiiona once every 12 hours with regolutions as
good as 0.9 km. Note in Figure 5 that many of the applications discussed in this paper are
indicated in the areas covered by LANDSAT, Nimbus and NOAA. The Skylab EREF sensors, when
cperating, had capabilities for irregular time interval observations with resolutions down
to 17 m (earth Terrain Camera). A possible follow-up to the LANDSAT satellites will
commence with the launching of the Earth Observatory Satellite (E0S) series presently being
conasidered for the late 1970's. EOS would have much the same sampling frequency and types
of zensors as LANDSAT, but the spatial resolution capability would increase to 10 metree
over small study areas. Beyond the EOS programme, starting sometime after 1980, is a series
.of Synchronous Earth Observation Satellites (SEOS) which will be able to make observations
every few minutea, if desired, at about 100 metre resolutions. Observations from gynchron-
ous altitude will be posaitle Yy placing a very large telescope ahead of presently available
remote sensora. These rapid observations will make poszible a better remote senaing
characterization of dynamic hydrologic eventsa.
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Figure 5. A Time Versus Space Scale Diagram Indicating the Observing
Capabilities of Existing and Planned Spacecraft Systeums.
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The applications and satellites ligted in Figure 5 refer only to sansors currently
available and not to the development of new or refined instrumenta. Certainly other
portions of the electromagnetic spectium will be exploited in following years. The Skylab
KEREP programme with its many varied sensors waa an excellent start in the direction of
evaluating the advantages of observations in various regions of the spectrum not commonly
ussd. The ERAFP orogramme is alsc ccntributing a great amount of information leading to the
development and flying of new inatruments. Microwave applications will probably be in the
forefront of research efforts extending into the 1980's,

Puture remote sensing systems will most likely consist of the above sateilites with
various sensore coupled with satellite data collection systems to rapidly make available
conventional hydrologic data. Complimenting this will be da.. acquisition miasionsg
conducted with high, medium and low altitude aireraft and limited ground based surveys.

In order to make sense out of this large amount of water resources data, sophisticated,
rapid and flexible automatic data processing systems have to be developed %o dieperse the
pertinent hydrologic information to the operaticnal agencies.

4.3 Familiarization With Remote Sensing-Watershed Management Capabilities

In cases where a watershed manager may feel that a particular remote szensing
technique may be able to provide him with a desired answer, a lack of knowledge of how to
use the data or even where to obtain it prohibits the use of remote sensing. Some ways are
suggested here to enable the potential user to become familiar with remote sensing tech-
nigques. PFirst, geveral handbooke or compilatione of scientific papers specifically
pertinent to water resources exist that would provide a good background for certain water
regources applications. The American Water Resources Association has published tha
proceadings of a symposium on Remoie Sensing and Water Resources Management that provides
a oroad spectrum of the applicationa of both airborne and satellite acquired data to water
quantity and quality monitoring {27). As a result of the fact that snowcover extent mapping
has produced a number of positive results, an excellent manual entitled Handbock of
Techniques for Satellite Snow Mapping (3) has baen compiled. This snow handbook emphasizes
the use of NOAA and LANDSAT, but also provides a complete degceription of other pogsible
satellite enow data sources. The U.S5. Army Corps of Engineers has produced a number of
documents cutlining the applications of remote sensing to water resources that are quite
ugeful. The Cold Regions Research and Engineering Laboratory in Hanover, New Hampshire,
has documented the methods to use for locating reservoira with surface water extent greater
than 0.02 km? (17). The Hydrologic Engineering Center in Davis, California has published
a report on remote sensing applications in hydrologic engineering (5). The third Corps of
Engineers document is a manual on remote mensing practice and potential put out by the
Waterways Expsriment Station in Vicksburg, Mississippi (30).

In order to uee LANDSAT {ERTS) data moet efficiently, it may be helpful to obtain
The ERTS Data User's Handbook (8). These may bs obtained for a nominal fee from the General
Electric-ERTS Liaison Office in Belisville, Maryland.

Once a basic knowledge of remote senming capabilities is acquired, probably the best
way to specifically become acquainted with advantages of remote sensing for a particular
waterahed problem is to obtain some data over the area of interest. These data can then Dbe
perused and compared ioc previous knowledge and conventiomally available data to develop a
familiarity with the potential uses. The primary place to order remote sensing data is The
Earth Reasources Observations- Syaisas (ERCS) Daia fsntsr of The Usds Geological Survey in
Sioux Falls, South Dakota. LANDSAT, Skylaeb EREP, and high altitude ERAP data can be o
obtained from EROS at cost by the user. Area to be covered, permissable cloud cover and
typs of imsgery im the only information neceseary for ordering. In the case of LANDSAT
data, complets cataleguee of acquired imagery are alec available from ERCS at a nominal
charge. A catalogue of Skylad earth resources data has also been published by NASA that
facilitates ordering of EREP data (26). LANDSAT data may alsc be ordered from the National
Oceanic and Atmospheric Administration's (NOAA) Earth Resources Data Center at Suitlend,
Maryland, and from the U,S. Department of Agriculture, Agricultural Stabilization and



Conservation Service, Western Aerial Phote Laboratory in Salt Lake City, Utah. NOAA-VHRR
data can be obtained from The National Environmental Satellite Service, Visible Products
Support Branch in Suitland, Maryland. Information on Nimbus data availability can be
obtained from the NASA National Space Science Data Jenter, Greenbelt, Maryland.
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ne &ROS Dava Center, in addition %o distributing remote sensing imagery, provides
the uger with data interpretation assistance through consuitation with specialists.
Specialized remote sensing equipment is available for users at ERCS, ae well as several
formal workeshops and remote sensing training courses. Other remote senging courses are
offered by various Universiiies with remote mensing specialists on their faculty. Por
situations whers the remote sensing solution to a particular user problem has not besen
rreviously demonstrated or documented and the solution is not routinely available from
facilities such as ER0S, NASA'a Coddard Space Flight Center in Greenbelt, Maryland is
currently establiehing an Information Tranefer Laboratory (INTRALAB). INTRALAB will serve
to transfer the mosi recently dsveloped remote sensing technology directly to specific user
application problems. It is hoped that the results of the studies performed in INTHALAB
will benefit not only the user but algso provide NASA with significant inpui for planaing
future sensor and data processing systems.

S CONCLUSIONS

Today's aircraft and satellite remote sensing systems (operational and experimental)
are capable of contributing greatly to watershed management, primarily in the areas of snow
mapping, surface water inventories, flood management, hydrologic land use monitoring and
watershed modelling. As the technological advances in remote sensing of hydrological data
continue to accelerate, so must the watershed management community expand its awareness of

and its training in remote senaing techniques if these new t0ola are to be put to optimum
use.
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VI.
EVALUATION OF EROSION CONDITICNS AND TRENDS

by

Thomas Dunne
University of Washington
and FAO Consultant, Kenya 1/

1. INTRODUCTION

1.1 Statement of the Problem

Erosior has many importani consequences for human ecology and economics bedause it
can remove productive topsoil, damage roads and fields by gullying and landeliding, cause
eutrophication and silting of river channels end reservoira, and in many other wayse cause
snvironmental degradation that can only be stopped with great affort and cost. Yet ercsion
is a complicated phenomenon; it is the result of many proceases, whose mechanics and contwola
are not well understood, The number of controle and their interactions limit our ability
to prediot rates of erosion, although we know that the moet important controls are olimate
and vegetation (and therefore land use), soil characteristics, and topography. Qualitative
information of thie kind, however, ie of only limited use for such purpecses as caloulaiing
the life of a reservoir, for judging the effects of cultivation techniques on soil loss,
or for predicting etream sediment loads under varioue logging practices.

Smith and Wiechmeier (45) have develcped a Universal Soil-Lose Equation for the
prediction of erosion from croplande. This tool is a useful one for commercial agricul-
tural larde in the United States, and perhaps elsewhere. Ite applicability to other regions
end other forme of rural land use remains to be tesied. The amme can be gaid for other
prediction methods based upon multivariate statistical analysis (49). The testing and
extension of such methods requires an independent field measurement of erceion. In most
developing countries at this time there is not sufficient data upon which to base gene~
ralizations like the Universal Soil-Loss Eguation. For these purposes, we often must still
regsort to empiricism, and field measurements of erosion rates are uaededJE/

Thie paper describes a range of field techniquees for assessing rates of erosion by
various processes. The methods are cheap to use by comparison with moet other echemee for
monitoring environmental change, and land managers would benefit greatly from the informas
tion to be gained from such eimple hydrologic and gecmorphic measurementis.

There are two basic approaches to the study of erosion ratea., The first ie to
monitor sediment transport rates past a point in the river channel at the outlet of a
drainage bmsin. Such measurements are relatively easy to make end they integrate the
effects of erosion over large or emall areas., They suffer, however, from problems of
interpretation, and often it is not easy to decide what ie going on within the drainage
basin from & point measurement at the cutlet. Thie method, however, is probably the moet
wideespread technique used for monitoring erosion conditionse and trends. The eecond
approach to the study of erosion involves measuring processes at a number of sampling sites

Y author at Departmeni of Geological Sciences, University of Washington, Seattle, Wa.,
U.S.A. 98195

g/ Note: Paper by Arnoldus in this publication describes the possibilities with the
Universal Seil-Lose Equation.
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within a catchment. Such data are much more difficult to colledi but have obvious advantages
in providing information about the gpatial distribution, controls and local effects of the
eroSion procssses within the catchment. With both appreaches, informatiop can be obiainad

on rates of current processes, and on rates during the recent pasi, as will be explained.

1.2 Controlling Variables and Sampling Problems

Many eroeion-measuring programmes have yielded only limited information because
insufficient thought was given to the design of the measuremeni programme and to the
quantification of the major conirolling variables. It is not the purpoez of this paper to
coneider either of thepe topics in detail, but it must be siressed that a few "epot"” mea—
surements of erosion can be mimleading if they are unrepresentative. The sarth scientist
mist ensure that his measurements sample the range of conditions and the major contrelling
variables in whioch he is interested. The problem of sampling is dealt with at an intro-
ductory level by most textbooks on statistics (e.g., Krumbein and Graybill, 26) and by
geveral advanced texts (e.g., Cochran, 6).

Even well-distributed measurements, however, will allow few generalizations unless
the major controlling variables are aleo measured. If the controle are quantified and
Telated to erosion rates by simple or muliivarimte statistical techniques {26}, the results
can he exirapolated and used to predict erosion rates ou.tside the immediate measuring area.
The same date can be used for predictions of the effects of certain changes in the con-
trolling variables, a useful tool in land management.

This reference to sampling and to controlling variables is not a plea for massive
statigtical studies of erosion, based upon the measurement of dozens of potential controlling
variables. Given the difficulty of the fieldwork, such studies are ususlly not feasible,
and most of the multivariate statistical analyses that have been made produce results of
little value for land managament. It ie wise, however, to measure the major variablea

{precipitation, soil, topography, and vegetation cover) for purposes of developing simple,
quentitative relations for the prediction of soil erosion.

For pome predictions, the measure of a variable may be a simple one. For exampls,
Langbein and Schumm {31) related sediment yields to mean annual precipitation, and Fournier
(11) related them to an index of the seasonability of rainfall, Other predictions require
more detailed information euch as the kinetic energy of rainfall (e.g. Smith and Wischmeier,
4%). Hudson (21) has reviawed methods for gquantifying precipitation and soil variables.
¥ethods of measuring vegetation density are described in textbooks on quantitstive plant
ecology (e.g. Grieg-Smith 15), although much remains to be done in refining the measurement
of those characteristice of ground cover which are most strongly related to soil eroeion.
Topography can be measured by simple survey techniques,

1.1 Temporal Fluctuatione and Sampling through Time

Eroaion rates fluctuate in time, There may be random inter-annual variatione, or
periode of peveral years in which sediment mobilization ies intense, perhaps because of a
run of wet or dry yeare. 5h changes of climate, such as the one we have experienced
since the early 1960's (30, ggg also appear to have caused major changes of sroeion rates
in somc parte of Africa. In the American Southwest, climatic changs has altered srosion
rates several times in the recent geologic past (5). Superimposed upon such "natural"
fluctuatione are irende of accelerated erosion caused by human use of land. Monitoring
erosion rates in the present and the recent past should allow ue to separate the sffects
of land use from those of natural climatic fluctuations, In soeme situations, of course,
these two varinbles are linked, because changes in the character or intensity of land use
often ocecur in response to climatic change. The interaction, howsver, must still be
eveluated., A long-term view of so0il eroeion and its response to both land use and to
natural environmental fluctuations would be valuable in planning land management.,
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a)

20 cm

) 400 cm

Mgare 1, Suspended sediment samplera: (a) USDH-48 depth-integrating samplers}
{b) Delft-bottle point-integratirg sampler.
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2. MEASUREMENT OF EROSION BY SEDIMENT Y1ELDS FROM BASINS

241 Suspended Load

Sediment can leave a basin as suspended load or bed load, and these two components
are measured separately. To measure the rate of transport of aus§gnded load, the concen~
tration of sediment in the water is measured (in mg/1) and multiplied by the discharge of
the stream (in, say, litres/sec.). Because concentration varies with elevation above the
bed a sampling method must be used which provides an average concentration representative
of the profile of sediment. The most commeon instrument for doing this is the depth~
integrating sampler (Figure 1a), which allows entry of water through a narrow nozzle into
a glass bottle with a capacity of approximately 0.4 litres. Other samplers, (point-
integrating samplers) cocllect only a sample from a particular depth, and allow the vertical
profile of sediment concentration to be defined. For details on the use and purchase of
these instrumente, the reader should consult reports by Guy and Norman {17), and the Federal
Inter-agency Sedimentation Project (10). Ancther widely used sampler, which worke on the
prinoiple illustrated in Figure 1 (b) is the Delft samplcr (38).

Concentration of sediment in the water sample can be obtained by filtration and
drying. Kunkle and Comer (27) demonstrated how sediment conceniratione can be succesafully
and rapidly estimated from measurements of furbidity, if a proper correlation is established.

In order to generalize about rates of transport from a few measuremenis, the
puepended sediment concentrations are usually multiplied by the siream discharge at the
time of sampling to obtain the rate of suspended sediment transport. Thie value is then
plotted against discharge to yield a suspended sediment rating curve, like that shown in
Figure 2a. The curve can then be used in conjunction with a flow-duration curve to
calculate suspended sediment yielda. The number of days with discharge in some interval is
read from the flow duration curve. From the mean discharge for this interval, the sediment
traneport rate (in tonnes/day) is obtained using Figure 2a. This iraunsport rate is multi-
plied by the number of days on which it ocecurred to give the total amount of sediment
transported. This process is repeated for each discharge interval on the flow duration
curve, and the sediment totale are summed to provide the annual rate of sediment transport.
Rating curves of this kind can shift significantly through time (see Figure 2b), as the
catohment undergoes fluctuatione of climate, land use, or other factors, and once enough

measurements have been made to define a rating curve, occasional sampling should be used
to sheck for shifts.

2.2 Bedload

The problem of measuring hedload tranesport ie much more difficult. On emall streams
with low rates of badload transport, a trough or catchk basin can be inetalled across the
atreambed (Figure 3a). The basin can be emptied periodically. This is not feasible in
large strasams, or where transport rates are high., On a small stream in Oregon, Milhous
{36) succesefully measured bedload in a trough set obliquely acrose a channel, The
vortex created by the flow of the stream over this trough moved the sediment acrces the
stream to a measuring station installed in the stream bank below the level of the channel
floor. 1In large channels, the rate of bedload transport is measured by lowering a sampling
devioe onto the streambed for a short interval of time. No single sampler has been generally
accepted for use, however, The major difficulty lies in the interference of the flow caubed
by the sampler as it lies on the bed. This can cause either an apparent increase or

decrease of the local bedload transport rate. Most samplers also have only a limited
collecting efficiency.

Severzl bedload samplers have been used. Most of them involve some form of wire
basket weighted and lowered into the gtream on a cable, and stabilized in the flow by a
metal tail-fin {Figure 3b). Their catch efficiency is generally low, (often as low as
30-50 percent) because they retard the flow, especially after a emall amouni of sediment
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accumilates within them. To overcome this difficulty, pressure-difference samplers have
been designed with a narrow orifice backed by a wider section which cguses a pressure drop
and allows the flow into the orifice to approximate the ambient stream velocity. This
raises the catch efficiency of the sampler. The sediment is caught in a mesh bag, as shown
in Figure 3¢. One of the earlieat succesaful instruments of this kind was the Dutch Arnhem
Sampler, but & more stable and efficient sampler has been designed by Helley and Smith
{19). It has a 7.6 cm square orifice, which works very well for material finer than

coarse sand. FEmmett and Seitz ( 9) have designed and used one of these samplers with a
15.2 cm square orifice for measuring the rate of tiransport of gravel. They have also

shown by Field studies that the 7.6 cm Helley-Smith sampler has a catch effieiensy of
approximately 100% for particles smaller than fine gravel. As the particle size increases
the catch, efficiency decreases, (W.W. Emmett, personal communication, Jan., 1975).
Further studies of this sampler are being carried out. The bedload measurements obtained
with such a sampler are in units of weight per unit time per unit width of stream, They
can be multiplied by the width of the stream to give the transport rate in weight per unit
time, and plotted against discharge to produce a bedload rating curve, as shown in Figure 4.
Graf (13) presents e useful review of sediment sampling devices.

2.3 Total Load

At some locations the bedload and suspended ioad are not sampled separately, but
the total load for long pericds of time can be measured from deposits in natural or
artificial lakes, including large reservoirs and amall stock ponds. Ideally, the site of
an artificial reeervoir will have been surveyed before inundation, and if the reserveir is
drained periodically the elevation of ite bed can be levelled along lines between monu-
mented bench marks. In a lake which is not drained, the changes of bed elevation can be
measured periodically by depth sounding from a boat or raft along bench-marked lines.

(See paper by Rausch and Heinemann in this publication). Such surveys give only the
volume of the deposits, and for purposes such as reservoir design, this may be all that is
required. For assessing ercsion on the contributing catchment, however, or for comparison
with data from sediment transport measurements, the data must be expressed in terms of
weight, and this requires estimating the bulk density of the depoaits. If local data are
available on the density of lake deposits, they should be used. If not, Table 1 will
provide useful estimates. Small reservoirs may not irap all of the sediment load of a
stream, particularly the finer particles., The proportion of the total leoad which is
caught in the impoundment is called the trap efficiency of the water body and can be esti-
mated from Figure 5. A correction to the total load can then be made for the material that
is not trapped, Other methods of estimating trap efficiency for impoundments have been
based on particle size of the bed material and sedimentation rates for suspended particles

(27).
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Table t: Bulk density of reservoir sediments. Source: Geiger, {12).

Dominant grain size Permanently Aerated
submerged (1b/£t3)
(1v/ee3) 1/
Clay 40-60 6080
5ilt 55=15 75-85
Clay-silt mixture 40~65 65-85
Sand-silt mixture 995 95-110
Clay-silt-sand mixture R0-30 80-100
Sand 85-100 85-100
Gravel 85-125 B5-125
Poorly sorted sand and gravel 95130 95=130

1/ lb/ft3 = pounds per cubic foot; multiply the above figures by 16.02 to
obtain kg/m3.

2.4 Sediment Yields

Within a region of uniform climate, geology, and land use, the sediment yields
from large drainage basine are usually lese than those from small basine, and the latter
in turn are less than rates of sediment loss measured on hillslopes by the technigquee to
be desoribed in the next section. When comparing sediment yielde from basins of various
sizes, therefore, the yield must be corrected to remove the offect of catchment size.
Alternatively if measuremente of erosion from hillsides and gullies are being used to
assese the probable rate of sedimentatior at some proposed reservoir site dewnstream, the
erosion rate must be corrected ito exprese how much of the soil that is mobilized on the
. hillsides will reach the downstrecam point. The remainder of the mobilized soil ie deposited

on gentle fooislopes, debris fans, floodplains and cther depositional features,

The ratio {expressed as a percentage) of the soil loes from hillsides and gullies
to the mediment yield of a catchment is called the eediment delivery ratic of the catchment.
This ratio varies with drainage basin size, and with the overall steepness of the catchment,
If local data are available, the variation of sediment yield with these factors can be quan-
tified, but if such data are lacking, Figure & may be used to eatimate the sediment delivery
ratic. The degree of scatter in these diagrams, nowever, should be taken into account when
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conolusions are being drawn about measurements corrected in this way. A review of the
available literature from several physiographic regions indicates that the exponent in the
equation relating sediment delivery ration to drainage area generally varies between ~0.15
and -0.35, but that values cluster strongly around —0.20 over a wide range of catchment
gige. When comparing sediment yields from drainage basinse, it is usual to correct them all
to0 a value appropriate for a basin of a fixed size.

If reservoir surveys are made periodically, temporal variations in sedimentation
rates can be caleculated. For estimating sedimentation rates over long periods of time
before any survey was made, samples from various depths can be dated radiometriceally.

Such measurements can be useful for indicating long-term erosion rates, which average out
short runs of rapid or slow sedimentation. They can also indicate erosion rates before
the advent of large-scale human modification of the land. Stuiver (46) has discuseed the
application of radiocarbon dating to the measurement of variations of sedimentation rates
in lucaz over the last 10,000 years. For this method organic materiale must be collected
from vastous ge: 48 in a sedime:iary deposit and traneported carefully tc a laboratory
with ihe ar»__.rianie syuipment. Ralph (40) clearly describes the method, the kinds of
materiale *hat can be dated, and the ccllection and packaging of samples. Radiocarbon
duiing is rot uneful for materials 'ess ihan several hundred years old. Sediments ranging
ir: age from 10 to :00 years can be aated by measuring Lead-210, an ieotope from the uraniwn
218 series, 'This isotope can be use? jor calculating sedimentation rates over the recent
raet, vhich is of mest interest to the land manager, and holde great promise for work in
sedimen*ation. The technique is described by Koide et al (23) and by Petit {39). Where
radiomelric facilitles or materials are not available, stratified fluvial deposits can be
dated from archaeological evidence {Leopold et al (33) pp. 480-84).
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3. MEASUREMENT OF SROSION WITHIN CATCEMENTS

3.1 Sediment Sources

Sediment yields from drainage basine provide a useful index of erosion conditions
and trends. O(ften, however, the land manager neede more detalled information about vhere
the sediment comes from within a catchment, what the major processes are that mobilize the
sediment, and what the relation is between the intensity of erosion and various poseible
controlling factors. The techniques used for measuring erosion within catchments vary
with the erocaion processes themselves. The processes to be discussed here include:

eheetwash erosion; rilling and gullying; river channel changes; mass movements and wind
erosion,

3.2 Sheetwash erosion

3.2.1 Plots

Current shestwash erosion can be monitored by measuring the amount of sediment
washed from hillside plots, or by measuring the rate of lowering of the ground surface at
stakes. An erosion plet can be established simply by installing a collscting trough along
the contour and connecting it to a tank in which the eroded sediment and runoff c¢an be
measured. Alsc note example given in the papser by Djorovik in this publication. The
length of the trough may vary according to the wishes of the investigator. Longer troughs
sample a larger section of hillslope, which minimizes errors due to the spatial variability
of erosion caused by minor rills. Small plote are often defined by inserting metal or
plastic walls a few centimetres into the secil. Such small plots, varying in width from
about 0.5 m to 2 m are often used for etudying infiltration and soil ercsion under con-
trolled artificial rainfall (35). Larger plote are usually left unbounded end are defined
approximately by a topographie survey.

The construction of the collector trough is usually eimple, but the trough must be
carefully installed if it is to function properly. Figure 7 showse mome suggeated designs.
The ecrucial factor is to provide good contact between the lip of the trough snd the seoil
surface, Bo that runoff enters the trough satisfactorily and does not erode the lip and
by-pass the trough. Gerlack used a small (50 om long), sheet-metal trough placed in a
shallow trench (Figure 7a). The trough has a hinged lid to prevent the ingress of rain-
fall, and a 3.5 om wide lip which is pushed under the soil surface. 4 drain from one
corner of the trough conducte sediment laden runoff to & etorage tank., Such a short trough
is satisfacteory if there is no significant spatial variabiliiy acroes the slope. The
ease of coneiruction and imstallation allows several troughe to be installed en echelon
down & hillside to atudy the effects of hillslope length upon eresion.

If esmall rills are present, the investigator may wish to use a longer trough. 4
collector can be constructed, as shoun in Figure Tb, by driving stakes into the soil along
the eslope, and nailing to them 20 om wide boards. The boards can then be used to support
e collector. If the plot is only several feet long and if the cross-sectional profile of
the hillelope ie emooth, sections of sheet metal ¢an be laid side-by-side and soldered
together. Their uphill edge can be inserted into the topeoil as shown. If the hillside
is not emooth, however, and if the collsctor needs to be a long one, thick industrial
polyethylene sheet can be used., One edge of the sheet can be fastened to the supporting
bhackboard and the sheet spread down the board and uphill along the ground. A short slit
18 made about 2 om inte the s®cil surface, and the edge of the polyethylene sheet is tucked
ints this slit with a piece of wood. The bare of the polyethylene channel cen then be
ccvered with a bituminous roofing compound to keep it smooth. It ie also advisable to
provide for a considerable gradient on such a channel sg¢ that it draina the runoff water
and sediment efficiently toward the atorage tank. A plestic collector of this type is
less durable than otiher materials, but is cheaper and easier to install if long troughs
are needed. Inserting a lip under the topeoil works well if the soil has a moderately
good vegelative cover, but where the root mat is not strong, the poil tends to dimintegrate
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immediately above the trough. In such casee, ii ie better to inetall a conorete trough, as
ghown in Figure To, The width and depth of the concrete channel mist vary with the magni-
tude of flows to be expected from the plot.

Where erocion rates are extremely high and where eroded debrie may be very coarse,
a larger colleciing irough ie required. Anderson et al (2) ueed half-round steel troughe
to catoh debris from eteep hillslopes in Southern California (see Figure 7d). The upslope
edge of the trough was oonnacted to the soil surface by a ooncrete apron, and one-meire
high reinforced wooden boarde were positioned behind the trough to catch bouncing rocks.

If the plot must be large, the design of the storage tank must take inte aoccount
the potentially large wvolumes of aediment and runoff to be colleocted. One inch of runeff
from a hillside plot 200 feet long and 50 feet wide would total 850 oubic Teet of water
(one foot = 0,30 metre)., Rather than construot such e large storage tank, some inveasti-
gators install devioss that divert only a emall portion of the runoff and sediment into the
measuring tank (37).

3.2.2 GStakems and Pins

An alternative method of measuring sheetwash erosion involves repsated measursment
of the heigh’ of the ground surface at stakes or arosion pins, The instrumentation shown
in Figure Ba consists of a 25 om long nail and a large washar, At the time of installation,
the nail and wapher are driven into the soil., The distance from the head of the nail to
the top of the washer is then measured with a millimetre scale. Erosion removes material
from arcund and beneath the washer whioch is lowersd to the position shown in Figure Bb.
Remeasurement of the distance hetiween the top of the nail and the top of the washer providas
a meaeurs of the eroeion rate during ths intervening period. If the washar has protected
the meil from raindrop impaot, so that it now stande on a emall pedeetal, the pedestal
muet be removed befors measurement, so that the wacher lies at the general lavel of the
ground eurface. The advantage of using the washer is that it gives a firm surface from
which to measure. 5Such monitoring devioes are cheap and easy to install in large numbers.
A wide range of condlitions can therefore be aampled at emall coest. The most waluable
illuetration of the use of such data in understanding erosion procepses and thair relatioen-
ehip to the mediment budget of a drainage basin is the work of Leopold et al (33).

Marking the pins with bright red paint and plasing them in a grid pattern or alomg
s line faoilitates relooation. Near each group of pins, should be an easily located bench
mark, clearly identified by a numbered tag or engraved plate, The records of installation
ehould include detailed instructione on how %o locats the bench mark, and how to locate
the groups of pins from the benchmark. The valus of these simple measuremants liss in
their repetition, and the work is wasted if recorde of the pin looations ie lost when
the original investigator changes hie job. At the time of sach eroeion-pin survey, the
slevation of the top of each pin should be checked by running a line of levels from ihe

bench mark. This will indicate whether the pins have been dieplaced by froet heaving or
trampling.

1.2.3 Other Froeion Indiocators

In eddition %o measuring current ratees of ooil loes, it is also pometimes possible
to reconsiruct the recent srosional history of an area from truncatione of moil profiles,
from the height of residual scil pedestals, or from the axposure of tree roots. A lot of
ocare must be exercised ihen ueing these methods, snd local undieturbed moils and tres Toots
must be examined in detail. Normal spatial variations of soil-profile depth with hillslope
gradient and other faotors, for example, should be coneidered when umsing measursments of
truncated soll profiles. Haggett (18) measured the combined thickness of the 4 and B
horigons of a ®0il on the mid-sections of slopss that hai besn planied to coffes in Brasil,
By comparieon with similar measursmsnts under nearby undisiurbed forest, he was able to chow
that 20 om (+ 5 om) of eoil had been removed from the cultivated slopss since 1850. 4
comparisen of the textures of the two eets of Boil profiles confirmed this oenolusion.
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(a) Installation

Measurement of ercosion aml deposition at stakes:

{b) Remeasurement.

Figure 80
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-7 -

Particularly if seil erosion is rapid following the destruction of a vegetative
cover, remnante of the former surface may be left, as shown in Figure 9a. A ruler, frame,
or tape laid acroas the former surface can he used as & reference from which to measure
the average depth of erosion. Varioue other indices, euch as the average distance between
remnante or the average width of remnante along a transect can also provide sensitive
information that will indicate changes between repeated surveys of the same area, The
exposure of tree roote can be measured, as shown in Figure 9b. Before such measurements
are made, the invegtigator should examine roots of trees from tiie same species in neigh-
bouring areas. Some trees, even on undisturbed sites, grow with part of their roots above
the ground surface, The average depth of the basal flare of the trunk below ground should
also be examined at undisturbed sites; in Figure 9b, only a minimum depth of erosion ie
indicated for a tree gpecies whose roots lie wholly within the soil at undisturbed sites.
The methodology and limitations of using tree-root exposures for measuring ercsion hae
been discussed in detail by Lamarche (29). Measurements of root exposures at various
sites produces data of the kind shown in PFigure 10 and allows the investigator to relate
erosion rates to their controlling variables.

A minimum date for the duration of the accelerated erosion can sometimes ale¢ be
obtained from the age of the tree, which in some e¢limates can be measured by counting the
number of annual growth rings on newly-cut etumps, or in coree taken from the living tree
with a Swedish increment borer {(obtainable from major engineering supply hcuses). In wany
iropical regions, however, annual growih rings do not form, and the irees must be aged by
some other method such as measurement of their diameter., The relationehip between diameter
and age can be obtained by measuring annual increments of diameter on a sample to trees.
Pedestals can slso be dated from the ages of long-lived shrubs which grow on them, but
the techniques for aging shrube are not as well developed as those for trees. If the
tree has been cut down, the age of the surface can sometimes be obtained from aerial-
photographic evidence of the data of destruction of the woodland, from local records, or
from local oral tradition. Rough estimates can be made from the extent of weathering of
the wood, or from the nature of the chareoal if the stump has been burnt. All such
estimates would be affected by such variables as the climate and ithe nature of the wood

{i.e. the tree apeciss). In making the estimates, therefore, there is no substitute for
local field experience,

3.2.4 Claseification Approach

In some studies there is not sufficient time or manpower tc make detailed measure-
mente of ercsion depthe. The intensity of erosion is estimated by insepection of large
areas, and ie mapped onto aerial photographs., This technique uevally involves the
establishment of three or four catagories of erosion inteneity. Areas of perhaps 10-200
aores, or individual hillslopes are then classified into one of these categories (note
1 acre = 0.4 ha}. The erceion olasses should be well-defined and carefully desoribed. -
Fhotographic documentation of type localities will give other investigators, land managers
and planners a clear idea of the ercsion conditions represented by each category.- The
classification may vary with the form that erosion takes in a partioular region, but it
ie useful to seek agreement betwaen all the workers surveying eroeion in a region. As an

example, the classification adopted by the U.S. Secil Conservation Service (48) for olassi-
fying water erosion is lieted below.

Class 1: Up to 25 percent of the original A horizon, or original ploughed
layer in soils with thin A horizons, removed from most of the area.

Class 2: Approximately 25 to 75 percent of the original A horizon or surface
soil lost from most of the area.

Clase 3: More than 75 percent of the original A horizon or surface soil, and

commonly part or all of the B horizon or other underlyirg layers, lost
from moet of the area.
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Class 4: The land has been deeply eroded until it has an intricaite pattern
of moderately deep or deep gullies., Soil profiles have been
destroyed except in small areas between the gullies.

Because of the association between the density of the vegetative cover and erosion rate,
the vegetation can sometimes be used as an indicato- of erosion if all cther important
controls are fairly constant., Thus, the percentage of bare soil, the canopy density, or
dengity of ground cover have all been used as indices. They do not, of course, tegke inte
account that for a fixed cover dens:ty, erosion will be faster on steeper slopes and mnrre
erodible soils. They are, however, easy to measure repectedly and are generally incorpo-
rated into any inventory of range condition. Although the use of erosion indicators is

a relatively crude technique it can be used to define quantitatively the conditions of
geolozy, soils, topegraphy climate and land use which retard or accelerate erosion, Measu-
rement of these controlling factors for each site at which erosicn conditions are classified
allows the investigator to study the association between various degrees of erosion and
values of the controlling variables using statistical techniquee that are appropriate for
ordinal and nominal scale variables (20, 26). (Note also paper by Stevens in this
publication),

3.3 Rilling and Gullying

If large gullies have grown or are growing raridly in e region, their development
can be measured on sequences of serial photograpia (3,44). The date of initiation of
gullying can also often be established from aerial photographs. Many gully systemu,
however, can generate large amounts of sediment by only smell enlargementis of their
headeuts or by minor retreat of their sidewalle. The measurement of these processes is
net possible from aerial photographs. BEven plane-iable maps or pace—and-compass mape are
not generally accurate enough for this purpose, Changes in gullies, and in smaller features
such ag rille, should be measured by repeated level-surveys at benchmarked cress-section
and along the profile of the gully, Iron stakes driven 20 cm into the ground provide
adequate benchmarke for this purpose, Widening, deepening, and the migration of headeuis
oan be quantified in this way. An example of the resulte of repeated surveys ie shown.in
figure 11a. Several such cross—sections should be installed along the gully. The
average net change at two adjacent crots—sections should be multiplied by the distance
between the cross-sections to obtain the net volume of erosion or depoeition.

For detailed monitoring of the behaviour of vertical headoute, an arrangement of
stakes, su~:. as that shown in Figure 11b will allow repeated tape measurements to be made.
In this way, :2treat averaging a few inches per year cen be measured with ease, The amount
of sediment mobilized by rills can be measured either at linee of erosion pinas, or by
repeatedly running lines of levels along the contour between benchmarks (eee Figure 12).

3.4 River channel changes

Some changea in river channelse can be observed from sequences of aerial photographs.
Disappearance of riparian vegetation, bank caving, or direct meassuremsnts of width and
ginuougity may all provide quantitative evidence of net erosion if it is large. On the
ground, repeated mapping of river channels onto aerial-photographic mosaics, or by planc-
table, chaining, or pace-and-compass mapping can indicate large increases of channel width,
sinuousity, or shifis of position. Lateral movement, however, and the presence of raw,
undercut banks do not necesearily indicate a net losa of sediment from the valley floor.
By repsated levelling of benchmarked croes-sections of a small stream, Leopold et al (33)
were able to show that the sediment eroded from the underout bank was approximately in
balance with the amount of sediment deposited on the opposite streambank as the channel
shifted laterwlly (see Figure 13). The deposited material came from the drainage basin
or from the valley floor upetream, the net amount of erosion or sediment production within
the surveyed reach was approximately gero. If the bank being undercut is higher than the
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one being deposited, however, there is a net lose of sediment from the reach. Thie eroeion
can best be quantified by establishing several bench-marked cross sections on a stream and
multiplying the average net loss of sediment from adjacent cross-sections by the distance
between the sections, If bank recession ia very rapid, or is highly variable, it can be
monitored by repeatedly measuring the distance from the bank to lines of stakes well back
from the stream. Grey (14) has provided a detailed description of methods for measuring
bank erosion during snowmelt floods.

3.5 Maes movements

3.5.1 The Types of Macs Movements

It is difficult to measure rates and trends of erosion by mass movement because
the procesmes are either very eslow or catastrophic. One may be concerned either with
their importance as producers of sediment, or as agenis of land desiruction and hazard.
The former aspect is particularly difficult to study, the latter is more tractable. Maes
movements can be classified in many ways (see S0}, but for the purpose of discussing
measurement techniques, I will divide them into: creep, landslides, earthflows and mudflows.

1.5.2 Creep

Creep is the downhill movement of so0il and weathered rock due to slow deformation
under the downelope component of gravity, and to small downhill movemente as the soil is
disturbed by frost action, wetting and drying, or the soil fauna. It is generally imper-
ceptible except by careful, precise measurements over a number of years.

The moet widely used and accurate method of measuring creep involves the use of
a Young pit (Young, 54) as modified by Emmett and Leopold {8). A pit is dug to the depth
to which creep penetrates, and a benchmark (iron stake) is dr.ven into the subsoil, as
shown in Figure 14. T+ other benchmarks are placed in line with the one in the pit, and
in the top of each benchmark, & narrow groove is scratched. A theodolite is centred over
one of the benchmarks to establish a line of sight approximately along the contour through
grooves on the other two benchmarks and through the sidewall of the pit (Figure 14b}. A
narrow veriical slit is then made inte the sidewall of the pit on the line of sight. Into
the plit & flexible metal strip ie inserted. The strip consiets of a number of 2.5 em x
5 cm aluminium plates, held together by sticky tape (masking tape, or insulating tape), as
ghown ‘in figure 14¢, This tape will eventually be destroyed by weathering, and the plates
can move independently of one another. When the strip ies installed in the alit, a millimetre
rule is held horizontally at the top and bottom corner of each plete. The deviaiion of
each plate fron the line of sight can then be observed through the theodolite. The initiel
poeition of each plate is thus defined precisely. The pit is carefully refilled and its
position relative to some surface marker is carefully measured.

For the re-purvey, the pit must be relocated and excavated slowly with a hand
trowel, 8o that the plates are not dieturbed. The line of sight is again established with
a theodolite set over a bench mark and horizontal deviationes from the line of sight are
meapured with a millimetre scale set on the top and bottom corners of each metal plats.
The measurement can be continued by carefully re-filling the pit. Repeated measurements
on each plate sstablishes ite average velocity. Multiplication of this value by the depth
increment represented by the plate and by the width of the hillelope providee an eptimate
of the rate of cediment production in cubic metres of eoil per year. A simpler but less

accurate method of measuring creap has been tested by Rudberg (43) and is useful where
cresp rates are high.

For very deep soils undergoing rapid creep, Kojan (24) successfully employed long
flexible tubes inserted several meires into the =o0il. Deformation of these tubss are still

beingmeasured repsatedly by means of an inclinometer lowered ito varying depths inside the
tubes.
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3.5.3 Large-scale Movemente

Large-scale, more rapid mass movementis include landslides, debris avalanches,
earthflowe and mudflows, These features can usually be mapped on aerial photographs,
using either the scars themaelves, the form of landelide deposits, or distuTrbances of the
vegetation (25, 52). The investigator may wish only to count numbers of slides per unit
area associated with various geologic, topographic or culturel featurea. Tubbe (47) for
example, mapped landelides in Seattle and related their location to the underlying
Quaternary etratigraphy. He was then able to identify zones of high landelide hazard
throughout the urban area with the aid of topographic and geologic maps.

The areal extent of landslides can also be measured eapily from aerial ochotographs,
and gives a more quantitative picture of the extent of the process and of the resulting
disruption. Corbett and Rice (7) placed a grid over aerial photographs and, by point-
counting, estimated the area disturbved by shallow landslides on a range of hillslope
gradients under iwo vegetative covers {mee Table 2). Similar sampling schemes under other
conditions could yield information that would be valuable for planning land-management
practices to minimize erosion. By means of a relatively few field measurements (using a
hand-level and tape, or vieual estimation) it ie poseible to measure the volume of a sample
of slides and to relate the volume to the area of individual failures (see Figurse 15).
Such a calibration curve might be needed for each physiographic region, depending upon the
average depth and form of landslides. Thie technique providee a meane of estimating the
volume of sediment released by landslides, if the photogrammetry includes measurements of
the number of landslides that reached a stream channel, or the proportion of landalide
debris that has been removed by the stream. The volumes of earthflow and mudflow depoeite
can also be mapped on aerial photographs, or by plane-table,

Table 2: Relaticnehip of the extent of shallow landslides to hillslope gradient and
vegetative cover in southern California. Source: Corbett and Rice (7).

Slopz class No. of slides per acre.L/ % of area covered by slides
Under brush Under grass Under brush Undsr grass
<40 0 0 0 0
40-54 0 0.15 o] 0.3
55-69 0.25 2.02 1,0 8.0
=70 0.88 4.09 .2 13.3
1/ 1 acre = 0.4 hectare

Dating of old failures might be required for obtaining a long~term view of their
contribution to catchment eroeion, or of the fraquency and size of landsliding before

some change of land use. The succemss of varicus dating tschniques depende upon the method
ueed, the size and character of individuml elides, the age of tha glide, and eny modifica~
tions that have occurred since the failure. In come cases dating of slides is eesy in
others it is not possible. The most accurate dating tool is obwvioualy historical accounts
of individual slides (1), or of large numbers of slides that can be dated and located from
newepaper acoounts. Tubbs (47) used a 10-year file of newspaper accounts to map and date
several hundred landelides in Seatile. HRecords of road and railway meintenance in landmlide-
prone areas often contain useful date on the frequency and magnitude of hillelope failurea,
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Sequence of aerial photographe can alec provide information about dates of landslide
aotivity, though the low frequency of aerial surveys limite the usefulnese of this method,
Some landslides can be dated from their vegetation. The age of treee on the scar gives a
minimum age for the slide. Around the edges of some landslide deposite, tree trunks may
ba secarred by fallen blocks. The number of growih rings that poet-date suchi a scar ia
another indicator of the age of the failure. If the fallen detris centain organie
material in an appropriate position, it can be dated by the radiocarbon method mentioned
earlier (22).

In some cases, it is neceesary io monitor large failures, or potential failure
sites to provide an early warning of their ocourrence or acoeleration. Lines of stakes
placed acreoss an earthflow or other slow mass movement can be monitored periodically Yy
a theodolite survey (41, 51).

3.6 Wind Erosion

The removal of soil by wind ercsion has not yet been measured in many places and
¢ litile experience has been socumulated., Wind erosion is usually measured by repeated
measurement at etakes, or iz estimated in a qualitative erosion survey (U.S. Soil Concer—
vation Service, 48) similar to that used for sheetwash, Degrees of damage caused by
accumulation of windblown material are also clasgified in such u surver.

4. SUMMARY

The measurement of erosion by a variety of processes and at a veriety of scales
is relatively simple to perform. By comparison with the benefits to be gained from
improved quantitative knowledge of the relation of soil loss to its controlling factors,
a measurement programme is inexpenasive, The value of such measurements inereages with
their duration and with the care with which they are planned. A great deal of thought
should be given to the location of measurement sites, and alsc to snsuring that measurements
are repeated and records stored in safe places for use in future planning.
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ViI,
METHODS OF SOIL EROSION MONITORING FOR IMPROVED
WATERSHED MANAGEMENT IN TANZANIA

by
Anders Rapp

Secretariat for International Ecology, 1/
Sweden, (SIES)

1. INTRODUCTIN

In order to obtain reliable information on the types, extent and rates of erosion and
gsedimentation in Tanzania, an extensive study, reported by Rapp, Berry and Temple {1972} was
carried out on one of the Dar-es-Salaam/Uppsala Universities' Soil Erosion and Research
project studies, This paper reporis some of the techniques used to measure erosion amd
sedimentation and some brief results obtained in two selected areas of the project,

The study areas represent two ecological zones: (1) steep, cultivated mountain
slopes with perennial stream flow and {2) semi~arid savamna plains with a long dry seaeon,
severe shortage of water and seasonal stiream flow ( see Tables 1 and 2). Zone 1 is
represented by a 19.1 km¢ instrumented catchment in the Ulangura mountains. Zone 2 is
represented by the semi-arid and inselberg plaine of the Dodoma region. 2/ The Ikowa,
Msalatu, Imagi and Matumbulu catchmente were studied in this region.

24 RUNCFF AND SEDIMENT SAMPLING ON THE MORCGORC RIVER

The flow of the Morogoro River is highly discontimuous with flash flood peaks. It
rises suddenly in lees than one mimute at the stream gauge, stays as long as the rainfall in
the catchment is intense and then gradually sinks to hase flow level, Time of concentration
ie only in the order of 65 to 90 mirutes.

Two types of suspended material are carried past the gauging station during each
runoff event: channel-derived material and material eroded from slopes. . The channal-derived
material in steep catchments is probably carried beyond the station in a few stommflowa.
Sampling during the ent.re wet season is necessary to give a record of eroeion of the
catchment slopes. If an automatic sampler is used, it is important to sample both early and
later parts of the flash fleods in order to get a complete picture of not only the amounts
but also the type of material carried = whether of channel or slope origin.

Runoff and suspended sediment was measured at a gauging station equipped with &
Cipoletti weir during the period 1969 — 1971. Most of the sediment measurements were made
with a point integrating, hand operated samplar of the Uppsala type (diecussed in Nilsson,
1969), The device takes a one=litre sample and is easily constructed from readily available
materials (Figure 1). 3/ However, mamal sampling proved to be a difficult method to catch

1/ Secretariat for Intermational Ecology, Sveav. 16615 F=113-46, Stockholm,
2/ "Inselberg" is & core of a former mountain left standing after geologic erosion.

3/ Detaile are available from B, Nilsson (ses reference 4).




Climatic records for the Morogroro station at 530 m a.s.l. and Morningside at 1450 m (only rainfall).

Table 1:
Mean air temperature potential evaporation (E;) and amount of clouds for the period 1947-1960 from
Woodhead, 1968 (see reference 14). Data from E,A., Met. Dept.
Mean rainfall: Jan, Feb, Mar. Apr. May June July 4ug. Sep. Oct. Nov. Dec. Annual
530 m a.s.1l.
(1931-60) 94 102 158 206 105 24 9 1 14 24 59 84 890
1450 m a.s.1.
(1961-70) 132 175 274 529 245 115 104 96 123 170 250 182 2392
Megan air temp.
(°c) 26,3 26,3 26,1 25.0 23,5 21.6 21.1 22.1 23.2 24,6 25.7 26.5 24.3
E, { mm/month) 173 159 167 126 11 106 112 126 146 178 176 119 1760
Cloud (oktas) 5.5 5.7 5.7 6.1 6.1 5.4 543 542  5a2 5.0 4.9 5.2 -

Table 2: Climatic records, Dodoma met. station at lat. 6010'3., long. 35°46'E., alt, 1120 m a.8.1. Mean rain-
fall in mm for 30 (1931-60) reep 42 (1929-1970) years, Mean air temp., wind speed, cloud amovni and
evaporation (Es) for 10 years {1955-1964). Sources of data: E,A, Met. Dept., 1966, E.A, Met. records

and Woodhead, 1968 (see reference 14).

Jan. PFeb. Mar. Apr. May June July Aug. Sep., Oct. Nov. Dec. Annual

Mean rainfall, 30 yrs. 146 116 121 51 6 1 0 0 0 5 22 105 573
Mean rainfall, 42 yrs. 142 115 119 52 5 1 0 0 1 4 20 108 567
Average no. of rain

days (30 yrs.) 12 10 1 7 2 0 0 0 0 1 2 9 54
Mean air temp. (°C) 23.8  23.7 23.9 23.1 22,1 20.5 19.8 20.5 22.1 23.5 24.8 24.6 22.7
wind (ln/day’ 124 90 64 72 64 62 64 62 51 61 69 85 -
Eo (mm/month 167 153 160 149 160 150 160 188 210 229 208 188 2123

Cloud (oktas 57 5.5 5% 59 5.9 3.9 35 3.4 3.1 4.0 46 5.3 -




Figure 1. Hand-operated suspended-sediment sampler with inter-
changeable nczzle tips constructed locally. One-litre
plastic bottles are used as sample containers (developed
by B. Nilsson' see reference 4).

t.e high “low peaks of the Morogoro, which are irregular, short-lasting and ofien occur at
night. Becnuse of these difficulties, the number af flow peaks that were sampled and
analyzed were not many, although there were sufficient observations to give the range of
sediment concentration at various weter stages. Figure 2 shows two complete series of water
samples of flash flood peaks faken at 5 minute intervals, comparing streamflow to suapended
gediment concentrations. DBoth series indicate the same pattern: {a) an initial low base-
flow with very low sediment concentration; (b) then a rapid rise in only 10-30 seconds to
the highest level, wvhich essentinlly was maintained during and for about half an hour after,
rain; (c) flow recession. During the first minutes of high Flood; the samples had about

2 000 to 3 500 g/m3 of sediment {or mz/1) and showed high content of medium sand and low
content of finer material, evidently from the stream bed and, on the other hand, the samples
from the main part of the fiow and the falling stage contained a greater portion of fine-
grained, brownish colloida, which moat likely were material washed from the slopes.

In 1971, we tried to use an automatic sediment smampler ¢ the Hayim 7 type, but due
to practical difficulties of manpower and mounting, the instrument could not be used at
Morogoro. Tt was later instnlled on the Msalatu catchment of ihe Dodoma region,
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Figure 34. Automati~ sediment sampler
"ayim 7" mounted in a gully,
Msalatu catchment. (Photo
C. Christiansson, 1971)., Note
steep crusted gully sides ang
sandy bed.

Figure 3B, Sampler "Hayim 7" opened.
(Photo &, Rapp, 1968),




3. AUTOMATIC SEDIMENT SAMPLING IN THE DODOMA REGION

The Hayim 7 automatic sampler was inetalled about 150 m from the inflow end of a
reserveir on the Msalatu catchment in the sandy bed of ithe channel in a narrow gully seoction
with stesp, crusted side wallas (Figure 3A). The Hayim 7 is primarily designed for deamert
streams, where floods are violent and short-lived (details are in reference 7, Schick). It
is a modification of the standard automatic mingle stage sediment sampler developed in the
United Statem. The sampler takes one-litre samples during the rising etage of a flow event
at twelve intervals of 5 om above the channel bed.

Construction details of thesamplers are shown in Figure 3B, Twelve, one-litre
plastic bottles are mounted in a sheet metal housing. The air intake pipes to the mample
bottle are 7 mm inside diameter and 9 mm outside diameter. Air leavea the bottles via
plastic tubes which are contained within an erhauet pipe mounted to the top of the housing,
The filling time is about one minute per sample (Schick, personal information).

When checked after two flash floods, the sample bottles contained sediment, ranging
from 15 QGO_to 75 000 g/m3 (mg/1). Similar sediment concentrations ranging from 10 000 to
131 000 g/m3 were reported from flash floods in the Negev desert, according to data from
another Hayim automatic sampler (8). The concentration of sediment in the samples at
Msalatu are of the same range as those measured in runoff water from ervaion plots ai
Mpwapwa by Staples. There, the gverage annual concentratione during two years of recordinge
ranged from 25 000 to 83 000 g/m? {reference 11). This included suspended load and bed load
in slope wash from 50 m“ erosion plota.

The grain sizes of sediment loads in the channel indicate rather unsorted transporta-
tion, including clay (25-40%), silt (30-50%) and sand (15-50#). The high proportions of
clay and 8ilt indicate that most of the suspended sediments do not come from the gandy
channel bed, but from the inter-gully areas or the gully walls. Which of the poasible
sources is the mest important could be checked by continued recordings.

1. ANALYSIS OF SEDIMENT SAMPLES

I our studies the one-litre samples were filtered through "Whatman" filter paper
No. 40 (the amount of suspended sediment that passed through the filter paper waas found to
be negligible)., After drying the filter paper, the concentration of susgpended sediment was
determined as the difference of filter paper weight before and after filtration. This
method is rather inaccurate when the sﬁdiment concentration is low, but acceptable when the
concentration is higher than 1 000 g/m .

5. SURVEYS

The inselberg plains of the Dodoma region, as many other arid regions, are areas of
erratic rainfall, droughta, overgrazing and repeated famines (1, 10). Streams are aphemeral
and there are not long-term gauging records of small catchment streams available.
Consequently, our investigation of water erosion end sedimentation could not be based on
sediment sampling in streams as in the Morogoro study but had to focus on: (a) sedimenta-
tion surveys of reservoirs combined with (b) catchment erosion surveys, described telow,

5.1 Reservoir sedimentation surveys

Man-made and natural lakes act as sediment traps and store part of the sediment
e.soded from the watershed catchment (Figure 4). The volume of sediment deposited on the
bottom of the reserveirs of the four catchrents on the Dodoma region was calculated from
surveyed transects across the reservoirs during the dry season. The transects were made by
manual soundings from a rubber boat and by levelling on the dry parts of the bottom (see
also the paper by Rausch and Heinemann in this publication, on reservoir surveys)}. The
volume of sediment deposited was calculated by comparisons between these surveys and earlier
maps or transects. Results of the survey of the Matumbulu reservoir are shown in Figure 5,
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as an example. Buring the period 1962 - 1971, sedigent accumilated in this reservoir at a
rate of 13 200 m“ per year for a total of 119 000 m*. At thie rate, the expected life of
the reservoir ia only 30 yeara.

For comparison sake, the relation between sediment yield and size of drainage area is
shown for 73 small, eemi-arid catchments in Wyoming, western U,S5.i., from studies by Schumm
and Hadley (9), with the 5 catchments in Tanzania superimposed on their figure. All the
Panzanian catchments have higher gediment than the American catchments, even though rainfall
intensitiea are similar. Matumbulu stands out as a catchment with particularly high sediment

yield in relation to ite size. The implications of man-caused erosion due to differences in
land use are clear. (Fig. &)

MATUMSBULUY RESERVOIR
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Figure 5. Matumbulu reservoir. Long profiles of 1360, 1969, 1970 and 1971, Surveys in

1960 by WD & ID, other years by DUSER teams., Note the break in slope of delta
at the full supply level (flood pool)}.

5a2 Eroaion surveys

The surveys of reservyoir =edimentation should be combined with inventoriea of the
sources of erosion and causes of sedimentation in the catchment if the pattern of erosion
and its intenaity is to be understood. The purpose of the erosion survey is to locate areas
of erosion and deposition, distinguish their type and, if possible, intensity. The relative

importance of different types of erosion is fundamental to developing conservation
strategies.

The inventories in this study were made oy air photo interpretation and by field
checking, mainly as slope profiles from valley bottom to hilltop. The slope profiles
include observations of slope angles, vegetation cover, soils, land use and forms of
erosion and sedimentation., Maps of land use and zones of erosion and sedimentation were
made over four ca*chments of the Nodoma region by interpretation of available air photos
from 1960, Catchmen. areas and percentagea of different types of land were measured on

these maps and tabulated. The map developed from an erosion survey of the Matumbulu catch-
ment is shovn in Pigure T as an example.

Major types of erosion also are illustrated in the survey maps of Figure 8. These
field observations underscored the need for conservation measures to stop eresion, for
example, graes barriers, terracing, cover crops, mlching, protective forest, controls
against road erosion and other practices of watershed conservation.
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drainage area is evident in both groups btut is less marked in the Tanzanian
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ment showing gullied upper pediments with intense sheet eroeicn cultivated lower
areas, atream ch .uiels with sand fans and reserveir sedimentation (from studies
by A. Rapp, D.H. Murray-Rust, C. Christiansson and L, Berry).

6. HESULTS AND RECOMMENDATIONS

Reservoir sedigentation rates in the cases investigated correspond to anmal =zediment
yields of 200 — T30 m /km2 averaged over the longest periods of available records. The
figures of sediment yield per km“ decrease with increasing drainage area, due to segigentation
in the catchment. Therefore, sediment yields from small catchment baeins of a few in area
reflect most closely the erosion in the catchment.

The most important process of erosion in the seml-arid catchments of Dodoma and
Arusha catchments is sheet wash from overgrazed land and unprotected cultivations, Gully
erosion is probably connected with rare and extremely intense rainstorms, Studies of when
and how gullies are cut and how they function as drainage lines for water and sediment
should continue and should provide a basis for the establishment of efficient methods of
gully control,

Reservoir surveys to document the rate and type of sedimentation and to establish the
remaining life of reservoirs should be undertaken as standard practice for all exisling and
planned reservoirs in semi-arid areas. Reservoir maps and profiles should be made, and
sedimentation pege established when a development project starts, so that through later
comparisons one can determine how the project has affected the area.
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Figure 8, Three maps showing three major types of erosion on deforested and cultivated

glopes in tropical mountains, as represented by the Uluguru Mountaine in Tanzania.

Map I. Annual "average" slope wash 1366—19T70 from cultivated slopes caused a

soil loss of 7500 tons/year, measured as suspended load in the Morogoro River
(from Rapp et al., 1972).

Map II. Large landslide within same watershed area as on Map I, in April 1973.
It blocked the water intake of Morogoros town, silted up the water pipes and
damaged the water supply for weeks {from Lundgren and Rapp, 1974).

Map III. A large number of small landslides iriggered by a heavy rainstorm of
100 mm cn Feb, 23, 1970, A few landslides occured in the forest reserve, more
than 800 on deforested slopes beiow the forest reserve boundary.
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Improved grass management in the semi-arid catchments is the best general method of
decreasing g2oil erosion and increasing the life of the reservoirs.

In summary, we recommend continued and extendeu studies of the water and sediment
budget in catchments of all sizea in semi-arid regions. BSuch studiea will provide a basis
for hetter knowledge of the following problems:

a) The range of losses of water, scil, and plant mutrients from areas under different
types of land use, as compared to good grassland management.

b) The importance of catastrophic erosional evenis due to heavy, infrequent rain-
storms in comparison with average annual losses. Particular emphasis should be
placed on the problems of gully erosion in relation to sheet erosion,

c) The time needed for recovery of soil, vegetation and economy after excessive
ergsion.

d) The best and least expensive conservation practices in semi-arid lands, their
implementation and maintenance in a long-term perspective.

@) The rate of reservoir sedimentation and the distribution, texture and structure
of the deposita. 3Juch studies provide important information for meny purposes,

such as erosion in catchment, prognoesis of useful life of reservoir and possible
use of aand-filled reservoirs for ground water storage,
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Notes:

Original maierials cupplied by the author have been revised by the editor and selected
from several reports which were provided in order to emphasize the techniques which
were used, rather than the results per se. The reader is referred to the original
reports, given in the reference list, lor further details on the results obtained,
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VIII,
PREDICTING SCIL LOSSES DUE TO

SHEET AND RILL EROSION
by
H,M.J. Arnoldus Y

Land and Water Development Division
FAO, Rome

1. INTRUDUCTION

At present the Universal Soil Loss Equation (U.S.L.E.) is the mathematical model most
often used to predict soil losses due to areal erosion. Especially in the U.S.A. the
equation has been adopted by the Soil Coneservation Service SCS) for work concerned with
arezl erosion. For many yeare the equation, developed by Wischmeier and hie associates
from 1957 onwarde {i.e., 1, 3, 6, 7, 8, 9, 10, 11), has been used on agricultural lands and
from 1971 on construction sites and from 1972 onmwards alao for range and foresi lands,
Caution: Since the U.S.L.E. has been daveloped in the U.S.A., through statistical analyses
of erosion measurements on experimental plots, correlations are very good for conditions in
Borth America, Cauticn is needed when applied outside the U.S5.A. hecause some of the
relations used do not always apply in different environments. For instancs, the rainfall
factor (R) has a high correlation with soil loss on Java, Indonesia, but a poor correlation
with so0il loss in Benin. Thersefore, the egquations may need to be adapted to local conditions,
eapecially the significance of the mainfall factor (R) and the cropping-management factor (C)
need to be checked. Also, although the U.S.L.E, is a rather simple steady-state model, a
rather eophisticated data set ie needed, especially, again, with respect to rainfall (daily
records over a mumber of years), vegetation and, to a lesser extent, to soil conditions. If
guch data set is not available, it is not advimable to try to use the U.S5.L.E. but simpler,
especially visual technigques, for example, the ones cutlined in the paper by Dunne, alsc in
this saries,

Even when sufficient data are available some caution is needed becaunse little
experience has been gained on slopes over 20° or longer than 150 m {500 f£t).

Thie paper is mainly based upon Wischmeier and Smith: Agriculture Handbook No. 282
(11), unless otherwise indicated.

Example: An example is given in Section 3.5 of this paper showing how to apply the U,8,L.E,
in watershed planning,

1/ Technical Officer Soil Conservation
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2. DESCRIPTION F THE EQUATION AND EVALUATION OF THE FACTORS

2,1 Basic equation

The basic equation is a simple one and is written as:
A=~RELSCP NP ENA NI IR AP I RN RAIE Y [1__'7' in which

A = computed so0il loss per unit area; cbtained by miltiplication of
the remaining factors.

R = rainfall factor; the rumber of erosion index units (EI - units)
in the period of consideration, The erosion index is a measure of
the erogive force of specific rain.

K = g0il erodibitity factor; the erosion rate per unit of erosion index
for a specific soil, in a cultivated contimious fallow on a 9 percent
slope, 22.1 m (72.6 ft) long.

L = slope length factor; the matio of soil loss from the field Blope
length to that from a 22.1 m { 72.6 ft) length on t = same soil type
and gradient,

S = plope gradient factor; the ratio of soil loss from the field
gradient to that from a 9 percent slope, on the same soil itype and
slope length.

C = cropping-management factor; the ratio of soil loas from a field with
specific cropping and management to that from the fallow condition
on which the factor K is evaluated.

P = ervAion=control practice factor; the ratio of soil lose with contouring,
stripcropping or terracing to that with straight-row famming, up-and-
down Blope.

Evaluation of the Pactors: the U.S.L.E. has been developed in the pound-foot-second
system. In this presentation both metric—units {munits) as well as pound-foot-second units
{ pfo~units) will be given, the latter betwesn brackets,

2,2 Rainfall factor: R

The rainfactor (R) is Wischmeier's {6) erosion index (EI30—index), i.04, the total
kinetic energy of a rainstorm (E) times ite maximum intensity over 30 minutes (1300, divided
by 100,

In orde.; to arrive at tne total kinetic energy, the precipitation is divided into
periods with approximately the same rainfall intemsity. For sach period the kinetic energy
ig caloulated according to:

E = 210.2 + B9 log I {Joules/m’ per cm of rain) ee... / 2,87, or

1 .
E = 916 + 331 log I (foot tons/acre per inch of rain) eeees / 2,pfe_J —/, in

which
E = kinetic energy in Joulee/m® per cm of rain (foot~tons/acre per inch of rain).

I = average rainfall intensity of the considered period in em/hr ( inches/hr),

1/ n2,M" ghows formula rumber and indicated "metric system™ whereas 2,pfs is formila
mumber 2 as well, but in the pound-foot-—seceond system.
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Also tables have been developed (10) from which the Kinetic anergy can be read., These
tables are given as Table 1a (in M-units) and Table 1b (in pfs-units). (Caution: Formla
[2_7 and Table 1 apply only to norn—orographic rain}.

In order to arrive at the total kinetic energy of a storm, the kinetic energy
calculated for each period is multiplied by the cm {inches) of rain that fell during that
pericd. Finally these products are summed.

To obtain the H~value the total kinetic energy is multiplied by twice l/ the maximm
average X-mimte intensity (130) and divided by 100, The maximum average 30-mimute
intensity can be ohtained from a raingauge record as shown in Figure 1,
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Pigure 1. The 30-mimte peried with the steepest slope of the pluvicgraph is singled
out and the amount of precipitation {I} is read on the vertical axis, I
equals cm (inches)/C.5 hr (After Hudson (2)).

In order to arrive at the value of the rainfall factor (R) for a longer period, the
El~indices of the individual etorms need to be summed, For the U.,S.A. { east of the Rocky
Mountains) enough data were available to calculate the average yearly R—values, which enabled
compilation of an Iso-erodent map (Figure 2). Also for areas with a same distribution of
erosion indices over the year, Erosion-Index Distribution curves could te drawn {Pigure 3).
These distribution curves are necessary for the full appreciation of the protective effect
of field crops throughout the year,

1/ The 3u-mimute intensity is maltiplied by two in order to convert intensity/% hr into
intensity/hr.
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TABLE 1,a: KINETIC ENERGY OF NON-OROGRAPHIC RAIN
(Part 1) (J-:m.les/rn2 per cm of rain)

Intensity

cm/hq , 0 . 1 . 2 .3 . 4 . 5 . 6 . 7 . 8 . 9
0.0 0,00 32.3 | S%9.09 | 74.76 | 85.88 | 94.51 101.52 | 107.51 | 112.68 | 117.23
0.1 | 121,301 124.981 128,35 | 131,44 | 134.31 | 136.97 139.47 | 141.81 | 144.02 | 146.1d
0.2 | 148.09] 149.98| 151.78 | 153.49 | 155.14 | 156,72 1958.23 | 159.69 | 161.10 | 162.45
4.3 | 163,76 165.03§ 166.26 | 167.45 | 168.60 | 169.72 170.81 | 171.87 { 172.90 | 173.91
0.4 | 174.88| 175.84 176,77 { 177.68 | 178.57 { 179.44 180.29 | 181.12 | 181.93 { 182.73
€5 1 183.51} 184.27| 185.02 | 185.76 | 186,48 | 187.19 187.89 | 188.57 | 189.25 | 189.91
0.6 | 190.56{ 191.19 191.82 | 192.44 | 193.05 | 193.65 194.24 | 194.82 | 195.39 | 195.96
0.7 | 196.51{ 197.36{ 197.60 | 198.14 | 198.66 | 199.18 199.69 | 200.20 | 200.70 | 201.19
0.8 | 201.68 202.16 | 202.63 ! 203.10 | 203.56 | 204.02 204.47 | 204.92 | 205.36 | 205.80
0.9 { 206,23} 206,66 | 207.08 | 207.50 | 207.91 | 208.32 208,72 | 209.12 | 209.52 | 209.91
1.0 | 210.3p] 210.69 | 211.07 | 211.44 | 211.82 | 212.19 212,55 | 212.92 | 213.28 | 213.63
1.1 | 243,98 214.33 | 213.68 | 215.02 | 215.37 | 215.70 216,04 | 216.37 | 216,70 | 217.02
1.2 | 217.35] 217.67 | 217.99 | 218.30 | 218.62 | 218.93 219.23 | 219.54 | 219.84 | 220.14
1.3 1 220.44 1 220,74 221,03 | 221.32 | 221,61 | 229.90 | 222.19 | 222.47 | 222.75 | 223.03
1.4 | 223,31 223,58 | 223,85 | 224.11 | 224.39 | 224.66 224.93 | 225.19 | 225.45 | 225,71
1.5 | 225.97| 226.23§ 226.48 | 226.74 | 226,99 | 227.24 227.49 | 227.74 | 227.98 | 228,22
1.6 | 228,47 228,711 228,95 | 229.19 | 229.42 | 229.66 229,89 | 230.12 | 230.35 | 230.58
1.7 | 230,811 231.04 | 231.26 | 231.49 | 231.71 | 231.93 232.15 | 232.37 | 232.59 { 232.80
1.8 | 233.02] 233,23 233.45 | 233.66 | 231,87 | 2M.08 234,29 | 234.49 | 234.70 | 234.91
1.9 | 235.11 [ 235.31] 235,51 | 235.72 | 235.91 | 236.1 236.31 | 236.51 | 236.70 | 236.90
2.0 | 237.09 ] 237.28 { 237.48 | 237.67 | 231.86 | 23B.05 238 23 | 238.42 | 238,61 | 238.79
2.1 | 238.98 239,16 | 239.34 | 239.53 | 239.71 | 239.89 | 240.07 | 240.25 | 240.42 | 240.60
2.2 | 240,781 240.95 | 241.13 | 241.30 | 241.47 | 241.64 241.82 | 241.99 | 242.16 | 242.33
2.3 | 242.49 | 242.66 | 242.83 | 243.00 | 243.16 | 243.33 | 243.49 | 243.65 | 243.82 |243.98
24 | 244.14 | 244.30 } 244.46 | 244.62 | 244.78 | 244.94 245.09 | 245.25 | 245.41 | 245.56
2.5 | 245.72 | 245.87 [ 246.02 | 246.18 | 246.33 | 246.48 246.63 | 246.78 | 246.93 | 247.08
2.6 | 247.23| 247.38 | 247.53 | 247.68 | 247.82 | 247.97 248.12 | 248.26 | 248.40 |} 248.%5
2.7 | 248.69{ 248.83 { 248.98 | 249.12 | 249.26 © 249.40 { 243.54 | 249.68 | 249.82 { 249.96
2.8 | 250.10 | 250.24 | 250.37 | 250.51 | 250.65 { 250,18 250,92 | 251.05 | 251.19 | 251.32
2,9 ] 251.45 ] 251.59 j251.72 | 251.85 | 254,08 | 252,41 ] 252.25 }] 252.38 ] 2%2.51 ]252.64




TABLE t.as {Part 2)
Intensity

|

em/hr .0 .1 .2 3 .4 5 .6 o7 .8 9

3 252,76 | 254.03 | 255.26 | 256.45 | 257.60 | 258.72 | 259.81 | 260.87| 261.9C| 262,91
4 263.68 1 264.084 | 265.77 | 266.68 | 267.57 | 268.44 | 269.29 { 270.12| 270.93| 271.73
5 272,511 273.27 | 274,02 | 274.76 1 275,48 } 276.19 | 276.89 | 277.57 | 278.25| 278,91
6 279.56 | 280.19 ) 280,82 | 281,44 | 282,05 | 2B2.65 | 283,24 | 283,82 | 284,39 284.96
7 285,51 | 286,06 | 286,60 | 287.14 | 2B7.66 | 288,18 | 288.69 | 289,20 | 289,70} 290.19
8 290,68 | 291,16 | 291,63 | 292.10 | 292.56 | 223.02 | 293,47 | 293.92} 294.36 | 294.80
9 295,23 | 295,66 | 296.08 | 296,50 { 296,91 | 297,32 | 297.72 | 298,12 | 298.52| 298.91
10 299,30 | 299,69 | 300,07 [ 30C.44 | 300,82 [ 301.19 | 301,55 { 301.92| 302,28 302.63
1 302.98 | 303.33 ] 303.68 | 304.02 { 304.37 | 304.70 [ 305.04 | 305.37 | 305.70 | 306,02
12 306,35 306,67 306.99 | 307.30 } 307.62 | 307.93 (308,231} 308,54 ) 308.84 | 309,14
13 309.44 1 309.74 | 310.03 | 310.32 | 110,61 | 310.90 | 311,19 311,47 ] 311,751 312,03
14 312,311 312,58 | 312.85 | 313.13 | 313,39 | 313,66 |313.93] 314219 | 314,457 314.T
15 314,97 | 315423 1 315,48 | 315.74 | 315.99 | 316,24 |316,49 | 316.74 | 316.981 317.22
16 3174710 317.73 1 317,95 { 318,19 { 318.42 | 318,66 318,89 | 319.12 | 319.35] 319.58
17 319.61.] 320,04 | 320.26 | 320.49 | 320,71 ! 320,93 }321,15] 321,371 321.59{ 321.80
18 322,021 322423 | 322,45 | 322,66 322.87 | 323,08 |323.29 ] 323,49 | 323,70 | 323.91
19 324,11 | 324,31 | 324,51 { 324.72 324,91 | 325,11 §325.31 | 325.51 | 329.70 | 325.90
20 326.09 | 326,28 | 326,48 | 126.67 [ 326.86 | 327.05 {327.23 | 327.42 ) 327.61 | 327.79
21 327498 | 328,16 | 328,34 | 328.53 | 328,71 | 328.89 [329.07 | 329.25 | 329.42 | 329.60
22 329.78 | 329.95 | 330,13 [ 330.30 | 330.47 | 330,64 [330.82 ) 330.99 | 331.16 | 331.33
23 331,49 | 331.66 | 331.83 1 332,00 {332,416 | 332.33 1332.49 ] 332.65( 332.B21 332.98
24 33314 1 333,30 § 333,46 | 333.62 | 333,768 1 333,94 [334.09 | 334.25 l334.41 334,56

PABLE 1,b: KINETIC ENEHGY F NON=-OROGRAPHIC RAIN 1—/

(Foot—tons/acre per inch of rain)

Intensity

in/hr | 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0 0 254 354 412 453 485 512 534 553 570
Ou1 58¢ £95 611 623 633 643 653 661 669 677
0.2 685 692 698 705 (ak 717 722 728 733 738
0.3 743 748 752 757 761 765 769 773 171 181
0.4 784 788 791 795 798 801 804 807 310 814
0.5 816 819 Bee 825 827 830 813 835 838 840
0.6 843 845 847 850 852 854 B56 858 31 863
0.7 865 867 B69 871 B73 875 8711 878 380 882
0.8 884 886 887 889 891 893 894 896 £98 899
0.9 901 902 904 906 907 909 910 912 913 915
0 0.1 042 0,3 0.4 0.5 0.6 0.7 0.8 0.9

1 916 330 942 354 964 974 984 992 1000 1008
2 1016 1023 1029 1036 1042 1048 1053 1059 1064 1069
3 1074 1079 1083 1088 1092 1096 1100 1104 1108 1112
4 1115 1119 1122 1126 1129 1132 1135 1138 1141 1144
5 1147 1150 1153 1156 1158 1161 1164 1166 1169 1171
6 1174 .| 1176 178 1181 1183 1185 1187 1189 1192 1194
7 1196 1198 1200 1202 1204 7206 1208 1209 1211 1213
8 1215 1217 1218 1220 1222 1224 1225 1227 1229 1230
9 1232 1233 1235 1237 1238 1240 1241 1243 1244 1246

i/ From: Wischmeier and Smith {10).




Figure 2.
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Eagtern part of the Iso—erodent map for the U.S.A., east of the Rocky
Mountains, showing average anmal values of the rainfall factor {R)
{in pfﬂ;units). ( teproduced from Wischmeier and Smith {11}, Pigure 1,
pP. 6=7).
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A good correlation has been reported (7) between average yearly EI O-index and the
product of the average anmual rainfall times the 2-year 1=hour rainfall dmount, times the
2~year 24=hanr rainfall amount, or:

Elyg = £P x L2yr x %7}  ..eee  /[3/, in which

P = anmual precipitation

I, 2¥T - 1 hour rainfall amount with a return period of 2 years,
Izdzyr = 24 hour rainfall amount with a return period of 2 years.

The regression equations have to be calculated separately for each region under study.
The relations can be used to approximate EIao-values for stations that have no automatic
recording raingmuges (7).

According to Hudson (2} the FIjp-index is less suited to regions which receive a large
portion of their rain with high intensities, For these tropical and subtropical regions he
roposed the KED»25«index., In this system all rain with an intensity of less than 25 mm
1 inch) /hr is disregarded. For the remainder the kinetic energy is calculpted according to
2_7 or read from Table 1. The total kinetic energy equals the value of the KE™>25-index.
S0 the kinetic energy is not multiplied by the 30-minute intensity (130).

2.3 Soil erodibility factor: K

The soil erodibility factor K can be evaluated on sxperimental plots by solving the
equation:

A s

K = RL3CP SEseEBIVIEIRNSIGIRARSORS [4_7 for non~gtandard cond-ltlonsg ar
A Y

K = ﬁ AR AAPLIIBIAS RIS IR GV GRDY [5_7 for standard conditions.

More recently a nomograph has been devised {9) that enables evaluation of the K=-value
from five simple scil-parameters: (i) percent silt + very fine sand, (ii) percent sand,
(iti) percent organic matter, {iv) structure, and {(v) permeability. The paremeters are
introduced in this sequence in the nomograph (Figure 4)., For soil erodibility evaluations
"percent silt + very fine sand” 1is de’ined ast 0,002 mm - 0.70 mm and percent sand as:
0.10 mm ~ 2,0 mm particle size.

Struecture is coded as: g/
1 = very fine granular and very fine crumb {< 1 mm)
2 = fine gramilar and fine crumb {1 mm—-2 mm)
3 = medium gramular, medium crumb {2 mm-5 mm) and coarse gramular (5 mm=10 mm)
4 = platy, prismatic, columnar, blocky and very coarse gramular,
The values for: percent silt + very fine sand, percent sand, percent organic matter

and structure are average values for the upper 15 to 20 em (6-7 inches) . The walue for
permeability refers to the profile as a whole.

1/ Standard conditions are: slope gradient = 9% 1 slope length = 22.1 m {72.6 £1) :
cultivated continucus fallow, ploughing up-and-down the slope, Under standard
conditionna: LaS=CaPai,

g/ The classification given here ia slightly different from the one given by Wiechmeier
ot al. (9): it is taken from the Soil Survey Menual (5} pp. 225-230.



- 1oL -

Fnr permeability the following codification 15 used: 1—/

1

rapid to very rapid

2 = moderately rapid
¥ = moderate

4 = moderately slow
£ = slow

= very slow

General permeability ~iassification puides are given in tne ULSDA So1l Jurvey Mamual
{5}, ppe 1r/=1nf, but according %o wischmeier et al, laboratory determimations are not
necessary in general, They supplemented the general rules with: the followins "rules of
thumb" for codes 4, 5 and %@

~ frasipan solls are coded «

-~ mare permeatle surface soilz underlain bty massive clav or siltv clay are
~oded ©

— moderately permeatle surface soils underlain by a silty clay or silivr clax

loam naving a weak subanerular or anmular tieo~ky struciure are coded 4 ;

= 1f he subcor]l structure prade remains moderate or strong, or ihe texture
remains coarser than silty 2lar leam, tne code 1s 3,
Tr2 nrocedure for evaluating the K=farstor witn the use of the nomofraph {Fipure 4) iz
av Followo:

1} snter the nomograph on the vertical scale at the left with the appropriate
parceniage silt + very fine sand (0,002 am - Q.10 mm) .

2 t'roceed horizontally to intersect the correct percentesand curve {0,10 mm -
7«0 mm}, interpolating to the nearest percent.

1) Proceed vertically to the ~orrect orfanic matter content,

A}  Proceed horizontally to the risht.

[

} For soils with a fine gramular or fine crumb structure and moderate permeability
the value of K can be read directly from the first—approximation of K scale on
the riiht hand adre of the first section of the nomosraph {only in metric units) .

Y For all other soila: oc~ontinue nerizantall: ts interseat the correct structure

~arve,
1) P'roceed vertically to the cerrect permeatility curve.
8Y roceed horizontally to the soil~erodit . lily scale on the left hand odee of the

second section of the nomo,raph 1o read the value of K,

1_/ The classification given here is siight y d:fferent from the one given by Wischmeier
et al. {3t 1t is taken from the S»nii Jurvey Manual (5) pp. 187, 158.
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Experience with the nomograph in the U.S.A. 1ed to the following additional
recommendations {4):

1) For seils having organic matter in excess of 4 percent, do not extrapolate;
use the 4 percent curve,

2) K-values derived from the nomograph range from 0.03 (0,02 in pfs units) to
1.10 {0.69 in pfs units). For practical purposes it suffices to use K-value
classes, namely: 0.13 ; 0,19 ; 0.22 ; 0.26 ; 0.31 5 0,36 ; 0.41 ; 0.48 ;
0.56 ; 0.63 ; 0.71 ; 0.83. 1/

3} K-values must be adjusted for coarse fragments if preseni. K-values for
soils high in coarse fragment:s (gravelly, channery, shaly, slaty, cherty,
cobbly, stony, or flaggy 2/ are reduced y one or iwo clasees, K-values

for soils that are very high in these coarse fragments are reduced by two
or three classes.

2.4 Slope length factor L and slope gradient factor S

Slope length is defined as "The distance from the point of origin of overland flow
to either of the following, whichever is limiting for the major part of the area under
consideration: (i} the point where the slope decreases to the extent that deposition
begins, or (ii) the point where runoff enters a well defined channel that may be par™t of a
drainage network or a constructed channel such as a terrace of diversion".

The slope length factor L is defined as:

A )m
L - 22.1 I EE N EEENENFFEREN NN FNN K] [6‘“] or
A \m
L = 7n £ BRENES SR LGERAr BN GE R [6' pfsJ in which
72.6
2 = field slope length (metres, feet)
m = exponent, influenced by the interaction of sleope length with gradient

and may be influenced also by seoil properties, type of vegetation, etc,

The exponent value ranges from 0.} for very long slopes with a gradient of less than
0.5% to 0.6 for slopes over 106. The average value, applicable to most cases is 0.5, the
value used for the development of the slopeweffect chart (Figure 6}, The slope-effect chart
allows one to read a value for the combined effect of slope length and slope gradient.
Figure 5 allows one to use this chart in cases where values for the exponent other than 0.5
are more appropriate, The figure translates the field slope length for slopes with
exponents m = 0.3, m = 0.4 and m = 0,6 into equivelent slope length with exponent m = 0,5,

The slope gradieni factor S5 is defined as:

2
0.43 + 0,308 + 0,043 s i- 7 . .
S = 6.6_13 sspsnsetbbavansns 7 in H’thh

s = slope gradient (in %)

1/ In pfs unite: 0.10 ; 0.15 5 0.17 5 0,20 5 0,24 ; 0.28 5 0.32 3 0,37 3 0.43 3 0.49 ;
0.55 ; 0.64.

2/ For the definitions see USDA Soil Survey Mamal (5}, pp 215, 216.
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- The combined effect for slope length and slope gradient can be read from Figure 6, or
can be calculated according to:

Ls = V‘}\ (0-0138 + 0.009653 + 0.001 3852) tenan [8.“_7' ar
L3 =vA (0-00?6 + 0.00533 + 0.000?682) ssnws [8' pfSJ'

for slopes up to 20% and 350 m (1 148 ft) long. For slopes from 10% up to 50% and up to

8OO m {2 625 ft} long, a rough estimation may be obtained from Figure 7, which has been
calculated according to:

0.6 1.4
Ls = (E;:T X (g) snsenn [9}“_7' or
"K 0.6 1.4 1
wos Lﬁiﬁ x (3) cesses  [9y pts ] v

Caution: Pormula 9 and Figure 7 have not been sufficiently tested to indicate the reliability
of the prediction.

For both Figure 6, as well as for formla ZFB_7, the field slope 1ength;K\should be
substituted by the equivalent slope length whenever M ¢ 0,5,

Bquations [ 6_/, [ 7.7, /87 and /9_7 apply only to uniform slopes with one type of
svil or one type of cover over the total length.

If significant changee occur in a) slope gradient, b) slope form (convex, atraight,
concave), ¢} soil type, or 4) soil cover, corrections need to be made (8).

Depending on the complexity of the situation, two procedures can be followed to arrive
at the appropriate average values for the total slope, The procedures as given take only a
change of slope gradient into account, However, it is possible to use the same procedures

to also evaluate changes in soil type and/or soil cover as will be illustrated at the end of
thie section,

Procedures

If two simplifying assumptiuns can be accepted, the adjustments are rather easy,
The assumptions are: (i) the change in gradient is not sufficient to cause upslope

deposition, and {ii) the irregular slope can be divided into a small number of equal-length
segments.

The adjustment procedure, if bot". assumptions are accepted, is as follows {8):

1) Divide the slope into the necessary equal-length segments and determine the slope
gradient factor value (S), according to equation Z_T;7 for each segment,

2) Multiply the obtained S-value by the slope length factor value (L), according to
equation 176_7, using the total slope length.

3} Multiply each of the obtained LS-values by adjustment factor a, Adjustiment factor

a can be read from Table 2 for slopes with a slope—length erponent M = (.5 or
otherwise be calculated hy:

1/ Adapted from SCS (3)




a=[j(m+1)-(j-1)m+1_7 m [107

in which:

a = adjustment factor
J = sSequence rnumber of segment ( from top to bottom)
m = slope length exponent
n = total rumber of equal=length segments
4) Average the adjusted LiS-values to obtain the effective LS-value for the total

slope.

Table 2: Adjustment Factor: a for Correction of the L3
Chart Values for Successive Segments of a Slope
where the Slope-length Exponent Equals 0.5

Segment No.

(Top to Bottom) Total Number of Equal-length Segments

2 3 4 3
1 0.7 0.58 0.50 0.45
2 1.29 1.06 0. 0.82
3 1.37 1.18 1.06
4 1.40 1.2%
5 1.42

(This table appeared originally in Wischmeier (8), p. 181)
If it is not possible to divide the slope into equal-length segments, a different
procedure must be followed, as follows:
1) Determine the value of the term u. For slopes with a slope-length exponent
of m = 0,5 the value of U can be read from the nomograph developed by Forster

and Wischmeier (1), which is given as Figure 8. Por slopes with a slope-length
exponent of m £ 0.5 the value of u can be calculated according to:

N e LI A TN Iy A

a o= sx(m+ 1) /126" wevecee [ Nypfs_]
in which:

u = term defined by equation / 11_7

S = slope gradient factor value {calculated according to equation [ 7_7)
A = slops length (metres, feet)

m = slope-length exponent
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Using the nomograph (1):
a) enter the nomograph on the horizontal axis with the value of )\(. 1) Y

b) move upward to the curve for the percent slope for segment J

c) read the value of u1j on the vertical scale

d) enter the nemograph on the horizontal axis with the value of )\. to obtain
the corresponding value of Uy J

2) Calculate the effective LS-value according to:

15 = LT (uys = uy ) Ae coveser 127
=

in which:
j = sequence rumber of segment { from top to bottom)
n = total rumber of segments
11.1‘j = value of u for upper limit of cegment j (metree, feet)
gy = velue of u for lower limit of segment j (metres, feet)

)\b = entire slope length (metres, feet)

If changes in soil type and/br s0il cover occur and the first procedure ia followed,
the values obtained after step } has been concluded are multiplied with the X and/or C

and/or P factor values pertinent to each segment, then the adjusted values are averaged to
obtain the pertinent value for the total slope.

In case the second procedure is followed, equation Z-12_7 becomes:

n

KLSCP = ) KC.P, (u,, = u1J.) M

in which: 3=1 —_

K. = value of K-=factor for section j

J
Cj = value of C—factor for section j
Pj = value of P-factor for section J

245 Cropping management factors C

This factor describes the total effect of vegetation, residue, soil surface and
management on soil loss. The wvalue of the factor is in most cases not constani over the
year. Although treated as an independent variable in the equation, the "true' value of thie
factor is probably dependent upon all other factors, Therefore, the value of the C=factor
needs to be eetablished experimentally in many cases,

1/ P ) ig the distance from the summit to the bottom of segment ( j-1)}; so ;\(j-n)
eq&dTﬂ -
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Fou crops: C-values need to be established for each of the following stages for all
crops of the rotation {11):

period F: rough fallow (turn ploughing to seeding);
period 1: seeding ( seedbed preparation to 1 month after planting);

period 2: establishment (from 1 to 2 months after spring or summer seeding: for
fall seeded grain this pericd includer the winter months);

period 3}: growing and maturing crops from the eund of period 2 to crop harvest;
period 4: residus or stubble,

Caution: The value found for a period P in the rotation cannot be extrapolated to any other
fallow pericds within the rotation, because the value is influenced by the cropping history
of the soil, the nature and quantity of residue turned under and other factors.

In order to arrive at a proper value for a crop rotation the soil loss ratio (i.e. the
ratio of soil loss from the field with the particular cropping and management to that of bare
80il) has to be adjusted according to the distribution of the erosion~index for each peried,
becaugse field conditions are immaterial when there is no rain and most important when there
is much rain. Therefore the soil loss ratio for cach period is multiplied with the percentage
of Eljg-index applicable to that period. This percentage of Ilyp=index can easily be read
from an erosion—index distribution curve (see Figure 3). For the U,S.A. east of the Rocky
Mountaing tables have been developed from which the soil loss ratios for the differeni
periods of the common rotations can be read, In combination with the appropriate erosion-
index distribution curve, the C=value for any wart of the rotation can be established. This
table and the distribution curves are presented in Agriculture Handbook No, 282 {11).

In areas of the world for which no guidelines for the establishment of C-values for
field-crops exist, it is probably easiest to try to correlate soil loss ratio with amount of
dry organi¢ matter per unit area or with percent ground cover,

For permanent pasture, range lands ana idle lands and for woodlands, tables have been
published FS) from which the average annual C-values can be read, These iables are
reproduced as Table 3 and Table 4.

Cantion: When applied outside the U.S.A. the values may need to be adapted to local conditions
and should he tested locally.

2.6 Erosion—control practice factor: P

The effect of erosion-control measures is thought to be an independent variable, there-
fore it has not been included in the cropping management factor., The soil loss ratios for
erosion-controi practices vary according to slope gradient. Soil loss ratiose for contouring,
contour sirip cropping and terracing are given in Table 5, In Table 5, two values ars
presented for terracing: the higher one describes the soii loss from the field, the lower
one the effect on sediment yield, the difference being the sediment lost from the field but
trapped in the terrace channel.



TABLE 3: w(* Vslues for Permanent Pasture, Ringeland, and Idle Lana®

Vegetal Canopy Cover That Contacts the Surface
Type and Helght Canopy
of Raised Canopy?/ Govers/ Typsi/ Percent Ground Cover
% 0 20 40 60 80 95=100
Column No,: 2 3 4 5 6 7 8 9
No appreciable canopy G 45 .20 .10 ,042  ,013  ,003
W A5 W24 15,090,043 .011

Canopy of tall weeds 25 G J6 .17 .09 ,038 012 003
or short brush W .36 .20 .13 .082 0L 011
(0.5 m fall ht.) 50 G .26 .13 .07 .035  .012  .003
W 26 .16 L,1 075,039 .01l

75 G L7 0,10 .06 ,031 ,011 002

W .17 .12 09 067 .038 011

Appreciable brush 25 G L40 .18 09 040 013 ,003
or bushes W A0 22 14,085 042 011
{2 m fall ht.) 50 G .34 .16 ,085 ,038  ,012 .003
W L34 .19 0,13 .08 .04 .011

75 G .28 .14 08 ,036 ,012 ,003

W .28 17 .12 077 040 011

Trees but no appre- 25 G 42,19 .10 ,041 ,013 .03
ciable low brush W A2 W23 L4087 L0422 011
({ m fall ht,) 50 G .39 .18 .09 040 013,00
W g9 2 .14 085 .042 L0111

75 G .36 .17 .09 .039  ,012 003

W J6 .20 L,13 .08 ,041 011

g/ All values shown assume: (1) random dlstribution of mulch or vegetation,
and (2) muleh of appreciable depth where it exists.

E/ Average fall height of waterdrops from canopy to soil surface: m = meters,

gf Fortlon of total-area surface that would be hidden from view by canopy in
a vertical projection, (a bird's-eye view).

Q/ G: Cover at surface is grass, grasslike fplants, decaying compacted duff,
or litter at least Scm (2 inches) deep,

W: Cover at surface is mostly broadleaf herbaceous plants {as weeds) wi.h
little lateral-root network near the surface, and/or undecayed residue,

{This Table appeared as Table 1 in SCS (3}, p. 2).
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Table 4 = "C" Factors for Woodland
(This Table appeared as Table 2 in SCS (3}, p.3)

Stand Tree Canopy 5/ Foreat Litter y _/
Condition 4% of Area % of Area Undergrowth &  “C* Facter
8/

Well stocked 100=75 10000 Managed E/ «001
Unmanaged +003=D11

Medium stocked 7040 85«75 Managed +002=,004
Unmanaged «01=y O

Poorly stocked 3520 T0=40 Managed «003=, 009
Unmanaged +02=,09 o/

e

When tree canopy ie leas than 20%, the area will be considered as grassland, or
cropland for sstimating soil loss. See Table 3.

<

Forsst litter is assumed to be at least twe inches deep over the percent ground
surfacs area covered,

e,

Undergrowth is defined as ehrubs, weeds, grasses, vinen, etc. on the surface area
not protected by forest litter. Usually found under cancpy openings.

e

Nanaged = gragzing and fires are controlled.
Unmanaged — stands that are avergrazed or subjected to repeated burning.

[

For unmanaged woodland with litter cover of less than 40%, ¢ values should be
taken from itable 3.
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Figare 3, Erosien index dis‘ribution curve for part of Texms as noted in inmet,
(Reproduosd from Wischmeier and Smith (11), Fige 9, ourve 10, p. 22).
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TABLE 5: "P" Factors for Contouring, Contour Stripcropping
and Terracing

Land Slope : P Values
: . Contour Terracing

% . Contouring Striperopping a/ b/
2.0 to 7 : 0,50 0,25 0.50 0.10
8.0 to 12 . 0,60 0,30 Q.60 g.12
13.0 to 18 : 0.80 0.40 0.80 0.16
19.0 to 24 . 0.%0 0.45 0.90 0.18

g/ For erosion-control planning on farmland. )

y For prediction of contribution to off-field sediment load.

(This Table appeared in SCS (3), p. 9).

TABLE 6: Guide for Assigning Soil Loss Tolerance Values (T)
to Soile Having Different Rooting Depths

Rooting S50il Loss Tolerance Values

Depth Anmual Seil Loas — Tons/ha (Tons/acre)

cm { inches) Renewable Non=-Ren-wable

Soil - -/ Soil E/

0-25 ( 0-10; 2.2 (1) 2.2 (1
25 = 50 (10=20 4.5 &23 2,2 (1
50 - 100 (20-40§ 6.7 (3 4.5 {2
100 - 150 %40-60 9.0 (4; 6.7 (3
150 60 ) 11.2 (5 1.2 (5

&,

Soils with favourable substrata that can be renewed by tillage, fertilizer,
organic matter, and other management practicesg.

‘g/ Soils with unfavourable substrata such as rock or eoft rock that can not be
renewed by economical means,

{This Table appeared in-SCS (4}, pe a).
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1. APPLICATIONS OF THE USLE

3l Predicting anmal or rotational field soil loss

In order to predict soil loss the anmal (or rotatiomal)} EI o~v2lue, the K-value, the
LS=value, the anmal {or rotational) C-value, and the P-~value are” evaluated and equation 171_7
iz solved.

3,2 Predicting field sc¢.]l loss with X—year return period

The procedure to be followed is essentially the scame as that for predicting average
anmal soil loss, with one exception: instead of the anmual Eljg-value, the Elyg-value with
an X=year return period needs to be calculated.

3.3 Predicting individual storm field loss

Because the relations used in the USLE represent statistical averages, predictions of
individual storm losses are lese accurate, However, valuable estimates can be obtalnad
if the Elig-value of the individual storm is known and if the C=value for the actual field
conditions during the storm can be established,

3.4 Aid to conservation planning

For conservation plamnning “he soil loss tolerance(T)(i.e., the maximum soil loss that
can be tolerated) needs to be e ablished, The following guidelines are used in the U,S.4.
( quoted from SCS) (4).

Soil loss tolerance (T), . metimes called permissible soil loss, is the maximum rate

of eoil erosion that will permiv a high level of crop productivity to be sustained economically
and indefinitely.

Soil loss tolerance values (T) of 2.} through 11.2 are used. The numbers represent
the permissible tons of soil loss per ha per year l/ where food, feed and fiber plante are
to be grown. "T*" values are not applicable to construction sites or te other non—farm uses
of the erosion equation.

4 single T value is normally assigned to each soil series. A second T-value may be
assigned to certain kinmds of soil where erosion has significantly reduced the thickness of
the effective root zonej thus reducing the potential of the soil to produce planis over an
extended period of time, For example, eroded phases of soil series that are shallow td
moderately deep to a soil layer that restricts roots are commonly given a T=value one class
lower than the uneroded phase of the same eoil, The following criteria are used by soil
scientiste and other specialists for assigning soil loss tolerance valuee (T) to soil series:

1)  An adequate rooting depth mmst be maintained in the soil for plant growth.
For soils that are shallow over hard rock or other restrictive layers, it
is important to retain the remaining soil; therefore, not much moil loss
is tolerated, The so01l loss tolerance should be less on goiis shallow to
impervious layers than for soile with good scil depth or for secils with
favourable underlying scil materials that can be renewed by management
practices,

2) Soils that have significant yield reductions whan the surface layer is
removed by erosion are given lower soil loss tolerance values than those
where arosion effects yield very little,

1/ 1 to 5 tons/acre par year
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A maximum of 11.2 tons of soil loss per ha per year has been selected for use with the
universal soil loss equation, This maximum value has been used for the following reasons:

1) Soil losses in excess of 11.2 tons per ha per year affect the maintenance,
coat and effectiveness of water-control structures such as open ditches,
ponds, and other structures affected by sediment.

2) Exceseive sheet erosion is accompanied by gully formation in many places
causing added problems to tillage operations and to sedimentation of ditches,
streams and waterways.

1) Loss of plant mitrients, The average value of nitrogen and phosphorus in
a ton of soil is about $2-83, Plant nutrient lossea of more than $25 per
ha per year ie considered to be exceesive. 1/

4) Numerous practices are kmown that can be used successfully to keep soil
losses below 12.5 tons per ha per year,

The accompanying guide is given as Table 6,

After having established the soil loss tolerance we can rewrite
1 as:

CP = T/RKLS  secescossscecceces [ 12_7

By choosing the right cropping management system and appropriate conservation
practices, a value for the combined effect of C and P can be established that fits equation
12_7. In order to do so it will be helpful to consuli{ the erosion—index distribution
curye of the area in order to single out the most critical stages as far as rainfall
agreseivity ic concerned, because these are the stages where improvementis result in the
greatest reduction in the C=value,

3.5 Watershed management planning to reduce erosion {an example)

The following section is reproduced from SCS (3).

Assume a watershed area of 243 ha {600 acres) above a proposed floodwater retarding
structure in Fountain County, Indiana. Compute the average anmal soil loss from sheet
erosion for present conditions and for future conditions after recommended land treatment is
applied on all land in the watershed.

Present Conditions

Cropland -~ 113.) ha (280 acres)
Contirmous corn with residue removed — average yield -
4.4 tons/ha (70 du/acre)
Cultivated up amd down slope
S0il = Fayette silt locam
Slope = 8 percent
Slope length = 61.0 m {200 ft)

R = 321 (185)
K= .48 (.37}
IS = 1.4

C = ,L43

P - 1-00

A= 321 x .48 x1.4 x .43 21,0 = 32,8 metric tons/ha/year (41.2 { short) tons/mcre/
year) soil loss,

1/ Monetary values are estimates from 1072,




Pasture -
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68.8 ha (170 acres)

Canopy or short brush - 0.5 m fall height
Percent cover provided by canopy = 5
Surface cover — grass and grasslike plantis
Percent of surface or ground cover = 80%
S0il - Fayette 8ilt loam

Slope = 8 percent

Slope length — 61.0 m (200 ft)

R = 321 (185)
K = .48 (.37)
LS = 1.4
C = ,L012

A=321 x .48 x 1.4 x ,012 = 2.6 metric tons/ha/year (1.15 (short) tons/acre/year)

Forest -

60.7 ha {150 acres)

Percent of area covered by tree canopy - 30%
Percent of area covered by litter - 50%
Undergrowth = unmanaged

Soil - Bates silt loam

Slope = 12 percent

Slope length — 30.5 m (100 ft)

R = 321 (185)
K= .41 (.32
LS = 1.8

¢ = ,05

A =321 x .41 x 1,8 x .05 = 11,9 metric tons/ha/year (5.3 (short) tons/acre/year)

Future Conditions

Cropland -

113,3 ha { 280 acres)

kotation of wheat, meadow, corn, corn with residue left
Contour stripcropped

S0il - Fayette silt loam

Slope - 8 percent

Slope length - 61,0 m {200 f4)

R = 321 (185)
K= .48 (.37}
I.S = 1.4

C = L1119

P'= .3

A =321 x 48 x 1.4 x 119 x .3 = 7.7 metric tons/ha/year (3.4 {short) tons/acre/year)

Pastura -

68.8 ha (170 acres)

With improved management:

Canopy cover decreased to 25 percent with 4 m fall height

Ground cover increased to 95 percent (for area not protected by canopy)
Soil ~ Fayette silt loam

Slope - 8 percent

Slope length = 61.0 m (209 ft}
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R = 321 (185)
K= .48 (.37)
LS = 1.4
¢ = ,b003

A =321 x 48 x 1.4 x 00} = 0,65 metric tons/ha/year (0.29 {short) tons/acre/year)

Forest - 60.7 ha (150 acres)
With improved management:

Canopy cover increaszd to 60 percent
Litter cover increased to 80 percent
Undergrowth — managed
Soil - Bates silt loam
Slope = 12 percent
Slope length = 30.5 m (100 ft)

kY3 (185;
A1 (.32
1.8

+003

o now

A =321 x 41 x 1,8 x .003 = 0,71 metric tons/ha/year (0,32 { short) tons/acre/year)

Summary of Average Anmial Soil Losses (in SI-units only)

Present Conditions

Cropland = 113.3 ha x 92.8 tons/ha = 10 514 tons/year

Pasture ~ 68,8 ha x 2.6 tons/ha = 179 tons/’?ar

Forest = 60.7 ha x 11.9 tons/ha = Te2 tons/ggar
Future Conditions

Cropland - 113.3 ha x 7.7 tons/ha = 872 tons/year

Pasture -~ 68,8 ha x .65 tons/ha = a5 tons/year

Forest - 60.7 ha x .7T! tons/ha = 43 tons/gear

Remember that the eroeion froma catchment is not directly comparable to the amount of
sedimentation of reeervoira downstream, The average anmal soil loss, a8 calculated in the
example here, ie the groee erosion taking place, The amount of this material which is
transportad by streams depends on the sediment delivery ratioc {i.e,, the ratio of Sediment
delivered into a reservoir to gross erosion). Finally, only a portion of this transported
sediment is trapped in & reservoir, depending on & reservoir's trap efficiency. The paper
by Durme in this series briefly discusses sediment delivery ratios and trap efficiency,

iving some further references. A good summary alec is found in Technical Release No, 22
f;eology), August 1964 by the Engineering Division of the U.S., Soil Conservation Service
entitled "Reservoir sedimentation surveys". Another good reference ie "Design of emall dams"
1973, U.S. Bureau of Reclamation, U.S. GCovermnment Printing Office, 816 pages, Denver Federal
Centres, Denver, Colorado, U.S.A. 80225 ($12.65).
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IX.

PROCEDURE FOR DETERMINING RATES OF LAND DAMAGE,
LAND DEPRECIATION AND VOLUME OF S?DIMENT PRODUCED BY
GDLLY ERCSION _/

by

U534 Department of Agriculture
So0il Conservation Service
Engineering Division

1. GENERAL

This technical release providss a guide to the determination of future rates
of potential land damage, land depreciation and sediment produced by guily erosion.
The term “gully", as used in ithis guide, includes upland and valley side-wall gullies
as well as incising channels within flood plaina commonly called valley trenches. Justi-

fication of structural measures for gully stabilization is based on & reduction of expected
future damages.

The procedure here illustrates a method of predicting gully erosion and is therefore

a step toward predicting sediment from local, gully areas and for establishing rehabilitation
priorities.

The method presented is acceptable for adjusting the historical rate of growth to the
probable future rate on the basie of measurable conditions above an advancing headcut, Each
of the primary factors influencing the rate of gully erosion is considered and incorporated
to the extent poaggible in this procedure, Where quantitative values are not aipsigned to
gpecific factors, criteria are provided to aii in selecting proper values. The procedures
get forth here are the minimum technical standards for S5G35 work to be used to predict the
future rate of development of an existing gully and to estimate the area of land ercded
and the location and area of land depreciated,

This method was developed with reference to areas eant of the Hocky Mountains in
USA, the narrow belt along the Pacific Coast, and for higher mountainous areas in the
western USA. For more arid areag, {i.e., less than about 500 mm}, a variation in procedurs

ip required. Many of the principles here are, nonetheless, common to both humid and arid
ZOones.

2, NATURE OF DAMAGE RESULTING FROM QULLY EROSION

21 Land Damage

Land damage by gully eroslon is a permanent, largely non-recoverable damage.
Land damage is physically expressed by the geologist in terms of the area eroded by a
gilly or gully system.

l/ This manuscript was issued originally as "Technical Release No. 32 (Geology), July,
1966, by the SC3. Reproduced here with permission of SCS with minor revisions and
added commants for the purpose of this FAO publication.




242 Land Depreciation

Land depreciation is the loes of net income due to a lowsr level of production
and pattern of land use associated with gully erosion. Land deprecilation occure on physi-
cally undamaged land adjacent to, or influenced by, & gully. {(Note: such an example is
the lowering of groundwater tables, becsuse of deep gullies, which affects areas around
the gully, as in the gullied "dambo" areas of Africa),.

2.3 Sediment, Dﬂaﬁg

Sediment damage is damage whioch occurs to downstream enterpripes by deposition of
gediment or sediment in transport. Examples of sediment damage are deposits on land,
streets and roads; swampingy deposition in reservoirs and channelsj and increased water
filtration costs.

3. CONDITIONS INFLUENCING QGULLY EROSION

Gully development is initiated as a result of changem in gonditions which influence
the hydraulic characteristics of flow or the forcea that resiet erosive flows. Once the
gully channel is established, the resulting concentration of flow is sufficient to sustain
gully ercosion. BSubsequent headward ercsion and widening will continue until the gully is
ad justed to a new set of equilibrium conditions and becomes relatively stable.

In general, the annual rate of gully advance is variable, being more rapid at some
stages in its life cycle than in others. Observations indicate that the rate of advance-
ment progresaively decreases in the final stages of development., The factors that influence
the rate of gully advancement at any period in its life history are varied and complex,
OQur lmowledge of the relative importance of the causal factors haes not progressed to .the
extent that precise quantitative values can be placed on all of the variables believed to
be significant in gully evosion. Consequently, adequate prediction of the rate of advance-
ment depends largely upon the experience and judgment of the geologist in recognizing
controlling factors and assigning proper quantitative values %o those factors which have
not yet been statistically evaluated.

Experience has shown that the prediction of the future rate of gully advancement,
based on the higstorical rate alone, can lead to serious errors of prediction and evaluation
unless proper consideration is given to those factors which may have a major influence
on the rate of advancement. Condition factors such ags the characteristice of the geologic
materials, topography, land use, and volume of run-off control the rate of gully advance.

A change in conditions asbove an advancing gully head changes the rate of advancement,

The influence of thease factors on the rate of headward advancement is recognized,
However, in this procedure only the relationships involving area and precipitation were
used. These were developed as & result of 305 field measurements on 210 gullies in six
widely scattered land resource areas eaat of the Rocky Nountains in the United States.
One of the analytical results of these studies was reported previously. 1/ The following
relationship between headyard advancement and the primary causal factors was found from
a more recent analysis: .2j

R= 1.5 (N)'46(P0.5).20

l/ Thompaon, J.R., 1964, "Quantitative Effect of Watershed Variables on Rate of (ully-Head
Avencement™ Trans. of ASAE, Vol. 7, No. 1, ppe 54=53.

2/ Data analyzed by the Statistical Reporting Service, USDA, Washington, D.C.




where
R = rate of headward advancement, in feet per year {note metric conversion,

table below)
W = average drainage area above headcut, in acres

P0.5 = the summation of 24=hour rainfalls of 0.5 inch or greater occuring

during the life of the gully, converted to an average annual basis,
in inches,

Conversiont
feet x Q.30 m m
ha x 2.47 = acres
mm x 0,04 = inches; ise., T inch = 25.4 mm
m X 1.28 » feet

At least four other factora, not included in the foregoing measurements, are knouwn
to influence the rate of headward advancemeat of gullies. These are: (1) changes in erodi-
bility of soil material through which the gully advances, {2) the slope of the approach
channel above the headcut, {}) changes in run-off due to changes in land use and practices
in watershed and (4) the influence of ground water. Judgement must be used in adjusting
for the effect of these factors on the future rate of gully head advance as determined from
the procedure given below.

With the foregoing lmowledge and using the principle of proportione, it ie possible
to establish an equation for predicting the future rate of headward erosion, if the past
rate ies kmown and the future changes in conditions can properly be anticipated. The predio-
tion equation is as followsat

Re = R (874 (9)%° (Bquation 2)

where
Rf « computed future average annual rate of gully head advance
for a given reach, in feet per year (note metric conversions)
Rp = past average annual rate of gully head advance, in feet per year
A = ratio of the average drainage area of a given upstream reach (Wf)
to the average drainage area of the reach through which the gully
has moved (Hp) (area in acres)

P = ratio of the expected long~term average annual inches of rain from
24~hour rainfalls of 0.5 inch or greater (Pf) to the average annual
inches of rain from 24-hour rainfalls of 0.5 inch or greater for the
period, if less than 10 years, in which the gully head has moved {Pp)

Equation 2 should be used in estimating the future rate of development of gullies
for determining, on the basis of potential future damage, the extent of expenditures which
could be justified in any specific case.

Stabilization of a gully in the initial stages of development with high potential
future damage can normally be economically justified. The same control measuree for a
gully which has practically reached its maximum stage of development normally cannot be
economically justified.

Qully erosion coneists of headward advance, upstream migration of secondary lmick-
points, and widening of the gully channel. In computing and analyzing rates of development
for projection into the future, each of these types of growth should be considered
separately.
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Bach advanzing head, wnether main or lateral, should be treated independentiy.
Also, when the drainage entering 2 hesd indicates the probability of tributary gully
development, the potential development of gully heads in these tributaries should be
conaidered and their estimated rate of growth calculated.

4. VALUEZS FOR FACTORS IN THE EQUATION

The parametres of the forsula are deacribed here. Examples of their use can be
found in Secticn 5 below,

4.1 Past Rate of Gully Erosion

In the use of this procedure the past annual rate of gully advance, or the Rp
value must be determined. This is the reach of existing gully indicated as reach A-B in
Figure 1. The length of the gully advancement i3 determined by use of aerial photographe,
mape, field inapection or other methods. The age is establiehed by interview, inspection
of old aerial photographa, or other means. "Rp," the average annual rate of headward
afvanoe in feet per year, is computed as follows:

R, = Gully length (ft.)
Age of gully {yrs.)

ft,/yr (Note metric conversion, table above)

4.2 Ad justment for Change in Contributing Drainage Area

Analysis of a large number of gullies has shown that the rate of advance is related
approximately to ihe square root of the drailnage area.

Therefore, a series of reaches are delineated upstream from the present gully head

for the purpose of estimating the effect of changing drainage areas on future rates of
advance.

Each reach, depending on its drainage area, will have a different effect on the
total run—off over the head. The ratios of the mean drainage areas of the reaches to the

average drainage area of the reach through which the gully has moved (Reach A-B, Figure 1)
are represented by the letter "A".

4 - Y (Drainage Area of Upstream Reach)
Wp (Drainage Area of Reach A-B )
A 0-46 - HL 0.46
Wp

40-46 may be read directly from Figure 2.
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Figure 2, Graph for Obtaining the 0,46 Power of Ratio A (for adjustment
for drainage area size changes due to gully advance)

4.3 Ad justment for Precipitation

The precipitation factor is a ratic that relates the expected future long-term
average precipitation with the average snnual precipitation that occurred during the advance
of the present gully. The average annual rainfall of 24~hour rainfalle of 0.5 inch or

greater for 273 past periocd of advance of the existing gully may be oomputed from olimatolo-
gical data. 1/ (Note 0.5 inch = 13 mm).

This procedure ghould be done only if the age of the guliy is less than 10 years,
particularly if recent years were not “average", for example a droughty period. The value
for the expected future long~term average annual precipitation from 24-=hour rainfalls of

0.5 inch or greater may be obtained from a map as shown in Figure 3, an example derived
trom pracipitation records,

P
P= £ « Value selected from Pigure } (example only)
Pp Average annual inches of 24~hour

rainfalla of 0.5 inch or greater

for period of advance of the sxisting gully.

(Por example, if recent years were droughty, the Fp would be
congiderably less than the Py, or long-term average of preci-

pitation.)
p 0.20 _ Pp 0.20
PP

0,20
Valuas for F  may be read directly from Figure 4 (for use in the caloulations).

1/ Climatolegical Data, U.S. Dept. of Commerce, Weather Burcan, Monthly Summaries were used
in developing the map illustrated in the Figure 3 example.
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Figure L. Graph for Ovtaining the 0.20 Power of Ratio P

| Ad justment for Type of Material

If the future gully will advanoe through materiale aimilar to thoae in which it
advanced in the past, there will be no change in the rate of advancement due to change of
materiala and no adjustment is needed. The value may be greater or leas than 1.0 if a
significant change in the soil materials exists upstream from the present gully. If the
composition of the materials in the upstream reaches haa a smaller proportion of olay
material, it is generally more erodible and a factor greater than 1 should he used. If the
material becomes more cohesive in the upstream reaches, it is generally more resiatant to
erosion and the adjuetment of future advancement would be downward (less than 1}. Adjust-
ments are made by multiplying the computed rate of advance and the adjuatment factor.

4.5 Ad juetment for Uround Water

The rate of gully head advancement may change if the gully head intereects a water
table or a gully channel emerges above a water table., Cbservations indicate that the rate
of gully head movement may be ancelerated in zonea where ground-water seep exists at the
foot of the overfall or may aslow down when progressing above a water table. No quantitative
measurements are known which svaluate the effects of ground-water on the rate of gully head
movement. Where no ohange in ground-water conditions is anticipated, no adjustment should
be made. Whers a gully headi intercepts a water table, or where the water table is expected
to rise due to land treatment measures, the rate may require an adjuesiment upward. Convereely
as a gully advances it may rise above the water table and raquire a downward adjustment in
the rate.

Each gully must be evaluated as a meparate case in terms of the characterietice of
the materials, stratigraphy, and ground-water conditions. Judgment muat be ueed in asaigning
a realistic value. Adjustmente are made, as for the type of material mentioned, by mlti-
plying the computed rate of advance by the ground-water adjustment factor.
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Se THE PROCEDURE FOR ESTIMATING FUTURE RATES OF GULLY ADVANCEMENT (EXAMPLES)

The following is & step=by-step procedure demonstrating the method used to determine
rates of headward advancement of gullies. A work sheet with appropriate column heczdings
ag shown in Figure 5 makes a convenient form for calculating future rates of gully head
advance. Figure 1 shows a schematic map of a gully for use with the following step procedure.

STEP 1

a) Determine from aerial photographs, maps, and/or other sources the length
of gully eroded in a given period of time,

Exampl e

Using aerial photographs, ohecked by rough field data, the fotal
iength of gully eroded is found to be 1200 feet, Reach A-B, Figure 1.
(Note metric conversion table above.)

b} Determine by interviews or other means the age of the gully.

Example
Age of gully = 15 ysars

¢) Compute the past average annual rate of gully elongation.

Examgle

The average annual rate of past headward advance equals "R"

Rp . lotal length of gully _ 1200
age of gully 15

d) BEnter this in colum 8, figure 5. "Rp" is the same for each reach delineated
above the existing gully.

STEP 2

a) Using aerial photographs and/or t{opographic maps, draw a map with the water—
shed boundary of the area contributing teo the gully (Figure 1), comparing
with on=-the-ground checking.

b} Mark the location of: (1) the earliest position of the active gully
(Station a) at a known date as determined in step f1a and the boundary
of the area contributing run—off to this head, (2) the present position
of the active gully head, B, and the boundary of the arei contributing
run—of f to this head, ( 35 the amelected points where the future outting head
positions may be (these future head positions will logically be located
where present or potential tributariea join, where major changes in land
use occur, and where probable locations of interception or departure from
water tables exist as C,D,E, etc.), {4) the boundaries of arecas contri-
buting run-off to each of these points, and (5} the apex of the watershed
(see Figure 1).

¢) BEnter the head positions (Stations), designated A, B, C, etc. in column 2,
Figure 5,



ot

Pigure J. Tabular Sheet for Celculation of Rates of Gulily Head Advancement

@ @ [ &) @) 5) GRER (8) ©) (10) L) (12)
D.A. Years
Feach |Station Eiiéih 5 oy g?i? A | a0.48 Rp po-20 [(?)éi)(g)] to Accun.
(feet) tation (acres) (£t/vr) (£t/yr) E?ode Years
(acres) (3)+(10)
A 36k
A-B 1260 352 1.00 |1.00 30 1.00 23] 15 15
B 339 T
B-C TLC0 283 0.50 .90 80 1.00 72 20 20
C 226
C-D 1200 182 0.52 LTH 20 1.00 59 20 L0 1
D 137 2
T-E 1400 %6 0.27 .55 80 1.00 AN 32 72 |
E Sh
EF 1300 43 0.12 .38 B0 1.60 %0 L3 115
F Z1
F-APEX 1500 16 0.05 .25 80 1.00 20 75 190
ATEX

For ,50 year evaluation period, the gully will advance:
1Lkoo ft.ix + 1900 £t. 2% 4 (10 yrs. x 44 £t.}3& = 3040 ft. in 50 years

*/ 1L0O ft. in first 20 years
*/ 1200 ft. in second 20 years

+/ 50 years - (20 yrs. + 20 yrs.) = 10 years
10 years at bk ft/yr = kO feet

(Note metric conversions, Section 3, sbove.)




d)

e)

£)

g)

h}

i)
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The gully head positions or Stations are points that delineate the
"reaches" (A-B, B~C, C-D, etc.,). mnter reach designations in column 1
as ghown 'in Figure 5.

Record the horizonta)l dlistance hetween the head positions as the reach
length in column 3, Figure 5.

Measure the area contributing run-off to each of the gully head positions
and enter these area values in columm 4, Figure 5.

Example
Station Drainage Area {Acres)

364
339
226
131
24
N

R R—Re =B

Determine the mean drainage area for each reach (this is the average
between succeeding stations}. BEnter thie figure in column 5, Figure 5.

Example
The mean drainage area for reach C-D ie 226+ 137 182 acres.
2

Determine the A values, These are the ratios of the mean drainage area of
of each succeeding reach to the mean drainage area of reach 4=B {reach A-B
ie the present gully or a segment of the present gully with a known average
anmnual head advancement ratej. Enter the A values for eash reach in column
6, Figure 5.

Example

The A valus for resch G-D = mean draina.ge area of reach C-D -

mean drainage area of reach A«B

We . lg.?_ = 052
Hp 352

Using Figure 1, obtain the values for (5)0'46. Enter these in column 7 of
Figure 5.

Exe.mgl e

A 0.46 0.46

- (0-52) = 0.?4
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Reach Mean Drainage Area (A) (4) 0.46
2B 352 (Wp 1,00 1,00
C-D 182 (Wr Q.52 o714
D-E 96 (We 0.27 55
E-F 431 (We O.%2 «38
F APEX 16 (Wf 0.05 «25

STEP 3

Consult availabe climatological (rainfall) data. Select the station nearest

to0 the gully area being evaluated. Tebulate the 24-hour rainfellas of 0.5 inch,
or greater, for the period during which the present gully has advanced. Sum
these values and divide by the number of yeare of record. This gives the average
annual inches of 24~hour rainfalls of 0,5 inch or greater. Consult the map

shown in Pigure 3} and select the appropriate wvalue for the expected long-term
average annual total 24~hour rainfalls of 0,5 inch or greater, When pregipitation
reoords for the period of gully advance equal or axceaed 10 Yyears no comparison
should be made, (in other words gullies older than 10 years have more likely
experienced the "average" rainfall in terms of their 1ife).

Example

a} In this instance, the rainfall record for the period of gully
advancement exceeds 10 years. 3ince some points on the map
(Pigure 3) are based on only ten years of record, no comparison
is made, The ratio P equale 1 in this case., Enter this wvalue
in colum 9, PFigure 5. The same value is used in the evaluation
of each successive reach.

b) As an alternate example, assume the period of gully growth had been
only five years. Then, from precipitation data available for the
general area of the gully it would be found that the summation of
rains equal to or exceeding one-half inch in 24 hours for the
five years of gully advancement was, for example, 95 inches.
Therefore, the average annual amount of rain of one=half inch or
more in 24 houre for the five years of record was 95/5 or 19
inches, From Figure } the long=term average annual precipitation
value by intsrpolation between lines is 18.0 inches,

The ratic P would be Pe. = Ji or Q.95
P, 19

From Pigure 4 the 0.20 power of 0.99 is found to be .99.
This value would be entered in colum 9, Figure 5 for future reach,

STEP 4

This now makes available the figures needed to calcuiate equation (2).

On Figure S multigly the values on each line in columse 7, B and 9

(4045 x Ry x PO«20), this product equals Rf, the calculated rate of future
gully advancement, in colum 10. The number of years required for the gully
to pass through each reach is determined by dividing the values in column 2
by those in column 10, Enter these values in column 11. The accumulative
years are entered in colum 12. PFrom these computations, the distance the
gully head will advance in a 50=year evaluation period may be determined,
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Example

It will teke the gully head 20 years to advance through reach B-C, a
distanoe of 1400 feety 20 years to erode through reach (=D, a distance
of 1200 feet, In the remaining 10 yeare it will erode at the rate of
44 feet per year into reach D-E, a distance of 440 feet,

20 yrs. + 20 yrs. + 10 yrs., = 50 yrs
1400 ft. + 1200 1. + (10 x 44 £t.)} = 3040 ft.

The preceding procedure does not recognize any physical conditions which
would hinder or sitop gully advancement other than the limitation of watershed
area. Certain physical barriers esuch as buried roock ledges may alter the
advancement rate. Stabilization structures or road culverts will be the ter—
mination point of gully edvancement evaluation.

6 MOVEMENT OF GULLY HEADS INTO TRIBUTARY DRAINAGEWAYS

In steps 1-4 above it was estimated that the gully head would advance 3040 feeat
during a 50-year evaluation period, On Figure 4 are shown several tributary drainzgeways
to the main drainage. Ag the gully head that is advancingup the main drainage passes the
junction points with the tributary drainageways, base levela of the tributaries are lowered
and gully heads may begin moving up the tributaries. The rate of movement of the gully
heads up the tributaries is estimated by the same method as deecribed in steps 1-4. One
difference, however, is in the time involved in the growth of the iributary gullies during
the H50-year evaluation period.

Examgl e

Tributary I shown to enter the main drainage at station C. It was
estimated (line 4, colum 11, Pigure 5) that the gully head in the main
drainage would reach s%ation C in 20 years. Since a gully head will not
start to move up tributary I until after the gully head on the main
drainage pasees station ¢, the period for evaluating the gully advanoe-
ment on tributary I will be 50=-20 years or 30 years, The evaluation
periods for the gully head movement in tributaries II and III will be
of Buccessively shorter duration.

Where a large number of tributaries exist, it may not be praotical to evaluate each
lateral individually. In this ocase, a few representative laterals should be selected for
evaluation, The gully head advancement rates for the duration of the evaluation period may
be extended to the remaining laterals.

T MIGRATION OF KNICKPOINTS

Compute the rate of migration of knickpoints., 4 "knickpoint" is usually the "head
cut® of a later eycle of degradation occuring in an existing gully. Knickpoint development
persists in most gully channels until the channel reaches base level. The rate of advance-
ment of knickpoints is an important oonsideration from the standpoint ¢f sediment produced
az it affects the ultimate depth and, therefore, the width of the gully. In general, the
same variables that affect the rate of advance of the head also influence the rate of
migration of a kniekpoint until equilibrium or base level is established. Beyond this state
no despening will occur. Minor widening may continue after base level is reached due to
such proceases as sheet erosion, animal activity, freeze—=thaw and slumping.
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The final grade at which a gully channel will etabilize is dependent upon the nature
of materials in the channel bed and depth and velocity of flow on the channel bed, With all
other conditions being equal, and coneidering age as an element, the gradient of a gully bed
normally (except for highly ercdible materiala such as fine to medium-grained sand) ie
inversely proportional to the sige of the drainage aresa. Thus, the smaller the drsinage
area the larger the gradient. The equilibrium grade or base level must, therefore, be esti-
mated to determine the ultimate termination of knickpoint advance.

6. METHOD OF ESTIMATING GULLY WIDENING

One method of determining the widening that will occur during the next 50 ysars is to
project upstream the widening that has already cccured for a distance equal to the computed
future headward advance.

| I
LAanpLe

In step 4 it was computed that the gully head would advance 3040 feet
from its preeent location during the 50-year evaluation period. Therefore,
the widening will advance this distance upetream from its present location.

Many advancing gullies, however, do not maintain uniform top widths and deptha. Often
advancing secondary knickpeints widen and deepen the gully channelj the basme level gradient
can usually be determined by spot measurement of older, nearby gulliea in the resource area.

Comparison of the top widthe and depthe of a large number of gullies shows the
following relationshipes

1. On the average, where the gully advances through ccheaive materials, the gully
width is about three times the depth,

2. In non-—cchesive materiala the gully width is about 1.75 the depth.

When a knickpoint migrates up an existing gully channel, the gully channel will widen
to adjust to the new requirements for slope stability caused by deepening of the channel,
Pigure 6 or 7 may be used to estimate the future top width of the gully channel with the
newWw gully depth created by a migrating knickpoint.

Exampla

A gully channel in cohesive materials that pressntly is about 15 feet
deep and 45 feet wide is being deepened by a migrating kniokpeint to a
dapth of 20 feet, Reference to Figure 6 showa that the gully channel
will widen to about 60 feet as a result of the 5 fest of additional depth.

Another method may be used to estimate the amount of gully channel widening that will
occur, If there are numercus existing gullies in the same problem area as those to be
evaluated, measurements may be made of several of these gullies to establish an average
depth~top width ratio. This ratio may be used to estimate the future top—width dimeneions
of gulliea that are undergoing change because of knickpoint migration,

Determine, by the above prooeduress, the total area in acres of the lend estimated
to be voided by the gully during the evaluation period. Also determine the rate of land
loas in acree per year for the same period.
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e DAMAGE

Gl Land Damage

Since damage is physically expreesed in terms of the area voided by the gully systenm,
the future gullied area as determined in the procedure above represents the land damage area,
Thies area, in terms of acres, im to be provided the economist for evaluating land damage.

9.2 Land Depreciation

The determination of future land depreciation is a joint responsibility of the
eoconomist and the geclogist or land manager, To asaist in thie determination, t..e land
manager or geclogist will provide a map or a sketch showing the expected extent of gully
development at the end of a period - {the actual period should be shown). This includes
the main gully and its expected tributaries. Boundaries of expected gully development,
including tributaries, are to be shown on mape or drawings With esolid lines. The boundaries
of all depreciated areas are to be indicated by broken lines, Aerial photographs, soila'
mapsg, land capability maps, and land use maps are ideally suited for this purpose becau:e
of the additional information they register. However, base maps and topographic maps are
acceptable, Approximate property boundaries added to the map or sketch aid in determining
depreciated areas.

The geclogist can be particularly helpful in delineating depreciated areas where
physical conditions will be altered with resulting depressed yields due to gully develeopment.
Thue, if a future gully channel advances to a point where it intercepts and lowers a ground
water level to the extent that depresaed yields will reeult, the approxmiate area of
influence should be delineated for computing depreciation. For example, it is not unugual
for the gullying of mountain meadows to lead to the replacement of grass land cover with less
desirable species.

Qully heed mdvencement up a natural draw or waterway which might serve as a prssent or
potential terrace outlet for terracseable land depreciates all of the land which would be
served by the terrace outlet.

9.3 Other Damage

Where potential gullies move headward to a road culvert, it is to be assumed that
such headward advancement will be halted at this point. In respect to roed bridges, however,
such advance may continue headward bsyond the road resulting in undermining the bridge and
necessitating high maintenance or costly replacement.

There are other forms of damage such as potential damage to farm builaings and other
structures. In all cases the geologist and economist must work together to anticipate and
evaluate potential damage,

10. SEDIMENT PRODUCTION

The sediment produced is computed from the total amount of gully void reduoced to an
average annual rate. The volume of void can be computed by multiplying the area of land
damaged, as computed previously, by the average depth. This should be done by reaches if
the gully is not of regular shape. Tributaries should be compuied individually. The volume
of vold then must be convertsd to equivalent weight in order to express the sediment produced
in total tons or tons per unit area (or for questions of reservoir siltation volumes may be
of intereat).
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Where land damage and depreciation are not being evaluated, other methoda are to be
aged to determine sediment yield for sediment storage requirements or evaluating depositional
damages. The use of this procedure is not required for sediment yleld computations because
in most instances, particularly in larger watersheds, the amount of sediment derived from
gully erosion is usually only a minor part of the total which includes that derived from
sheet erosion. The minor differences which would result in the total does not warrant the
additional work involved in this procedure for refinement of results.

Where sediment yields derived from gully erosion is computed for svaluating downstream
gediment damages, judgment must be used in determining the delivery ratio of sediment in
reapect to the location of downstream ssdiment damage areas.

Figure 8. Severe ercsion by gullies following poor land management practices
(Note man in photograph at top). A common problem,
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X.
USE OF RUNOFF PLOTS TO EVALUATE SOIL LOSS

by

M. Djorovié —1/
Institute for Forestry and
Wood Industry, Yugoslavia

1. DESCRIPTION OF PLOT CONSTRUCTION

Simple runoff plots can be used to sample surface runoff and soil loss directly.
They are inexpensive and easily constructed. Thus, a sufficient number can be installed
10 obtain a representative sampling of the major characteristics of a study area, e.g.
slope, soil type, plant cover, cultural practice, etc. The plots are rectangular with the
long axis oriented up=slope. They consist of a border, an element to concentrate rTunoff

at the lower end of the plot and a collector to contain the runoff and sediment produced
on the plot (Figure 1).

Plot borders may be constructed of sheet metal, wooden planks, concrete or earth
berms, However, the smaller the plot the greater the necessity for sharp, accurately
aligned bordere so as to mi~imize edge effects. Berms should be used only on very large
plots of 0.5 ha or more, The borders of our plots were constructed of 0,5-=1,0 mm thick,

25 om wide aluminium strips; 20 cm of the strip was carefully buried in the soil with

5 an extending above the s0il surface. Although a continuous strip arcund the entire
length of the plot would have been preferable, overlapping lengths of 2 to 3 m performed
well. The dimension of runeff pluts can vary depending upon the ares of uniform slope _/
available and the treatment or type of plant cover, We found 20,0 by 2.5 m satisfactory.

2e COLLECTORS

The element for concentrating and diiecting runoff into the collector is constructed
of sheet metal and is much like a flattened furmel with a hinged cover to facilitate
¢leaning (Figure 2). The sheet metal floor of the element is installed 5 om belew the soil
surface, with a strip of sheet metal on the upslope side flush with the soil surface to
provide a sharp boundary at the plot end.

1/ The author is Engineer with the Institute for Forestry and Wood Industry, Kneza,
Vigeslava br. 3, 11000, Beograd.

gf Ed. Note: The standard U.S. Soil Conservation Service erovsion plet, used to calculate
the parameters of the universal soil loss equation, measuree 72,6 by 6.0 ft
{about 24.0 by 1.8 m}, See alse the paper by Arnoldus in this geries.
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SHEET
THIS PART
ALS0 COVERED METAL BORDERS
{ SEE PHOTO) EXTENDING INTO

GROUND

LY 4

g CAPACITY OF COLLECTOR
gﬁf' DESCRIBED IN TEXT

Figure .? - Details of element for concentrating runoff, showing collector
(et il ' g
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The collector should be constructed of sheet metal and should have a capacity
adequate to contain all the runoff and sediment produced by the maximum probable storm
(Figure 3). The required capacity of the collector may be calculated by:

P x h x f

volume of the collector {litres)

where:

1

area of the runoff plot (me)

maximum storm size at 1% probability level (mm)
coefficient of runoff (%)

T T E O
L]

As a safety factor, particularly for impermeable soils, f may be assumed equal
to 100%. If the plot produces more runoff than cun be coilected reasonably, a split
sampler may be used. This consists of a slotted device that diverts 0.10 of the over=-

flow from the primary collector into a secondary collector. An example of such a device
appears in kigure 4.

Je SAMPLING PROCEDURE

A poriion of the sediment collected will remain in suspension and a portion will be
deposited in the bottom of the collector (Figure 3). If the quantity of material deposited
is not great and of fine texture, the water in the collector can be agitated with a paddle
to disperse the material., Three samples of one-litre size are taken, filtered and the
residue dried at 105 C and weighed. The laboratory technique is described by Rapp in this
series of papers. The total amount of suspended sediment in the collector iz determined
by multiplying the average dry weight of the samples by the volume of water in the collectier.

If there is a large quantity of deposited sediment or if it is coarse textured, the
collector must be drained and the material weighed, If it is not pessible to over-=dry the
eptire quantity, then it must be sampled, Three samples are taken and weighed before and
after oven drying at 105 C to determine the water content, which is used 1o converi ihe
total wet weight of the deposited sediment to dry weight.

Figure ! = Collecior partly drained with deposited sediment
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4. EXAMPLE

The calculationstor an assumed runeff event on a plei with an area of 50 m2 and a

collector volume of ? m

ig as follows:

Plot calculations

1.

Depth of runoff in collector: 0,5 m

2. Value of runoff: 2.0 x 0.5 = 1.0 m
le Average weight of sediment in one litre = 16 g
4. Total dry weight of suspended sediment: 1 000 1lit, x 10 g = 10 000 g = 10,0 kg
5. Total wet weight of deposited sediment: 30 kg
6. Average wet weight of sample of deposited sediment: 50 g
Te Average dry weight of sample of deposited sediment: 35 g
8. Fraction of water in deposited sediment: (50 = 35)/35 = 0.428
9. Total dry weight of deposited sediment: 30/1.428 = 21 kg
10, Weight of total soil loss; 10 kg + 21 kg = 3i kg
Conversions
1. Runoff per hectares 1 000 lit./50 m” = 20 1it./m’ = 200 000 lit./ha = 200 m/ha
?« Weight of s0il loss per hectares 31 kg/50,0 m = 0.62 kg/m2 = 6 200 kg/ha
3.

Volume of soil loss pir hectare (assuming bulk density or 2 t/m3)

/b

: 6 200/2 000 = 3,1 m

Figure 4 — Slotted device between primary and secondary collectors
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XI.
PROTECTION OF CULTIVATED SLOPES

Terracing Steep Slopesa in Humid Regions

by

T.C., Sheng 1-/
Watershed Management Officer, FAOQ

1a INTRODUCTION

Cultivation on steep clopes in humid countries without protection measurea often
causes serious watershed problems., The results are not only deterioration of the produc=
tivity of the land "on site"™ by water erosion but also aggravation of the silting and flood
damage "off site®, i,e., the downctream area. In the developing countries, the problems
are further compounded by the fact tnat these cultivators of steep alopea are mostly poor
amall farmers. The dilemma is alwaya there: whereas resettlement and changing of land use
may not be feasible or desirable from the socio-economic standpoint, the country's land and
water resources are under constant threat by such cultivation.

By applying terracing and protected waterways, these ateep slopes could be cultivated
gafely and profitably. Crop production can be increased, erosion minimized, farming
environment improved and hence the dilemma alleviated.

There are essentially four types of bench terraces, i.e., level, outward sloped,
congervation bench and reverse sloped (see FPigure 1). For this chapter, discussion will be
concentrated on the last type, viz., reverse sloped type, which is built sloped inversely

towards the hill and is particularly suited for steep humid countries in safe draining of
excess runoff.

For the level irrigation type bench terrace or rice paddy, the deeign and conatruction
are less complieated than the reverse sloped ones. There should be no problem in handling
it after understanding the reverse type. The outward sloped terraces and conservation
benches are for arid or semi-arid regions. These are dealt with by other anthors.

2. KIND OF TERRACES: THEIR SPECIFICATIONS AND APPLICATIONS

Six kinds of terraces, all reverse sloped, are discussed: {1} bench terraces,
{2) hillside ditches, {3} individual basins, {4) orchard terraces, (5) mini-convertible
terracee and {6) hexagons. The cross-sectional views of these terraces are shown in

Figure 2. With these six kinds of land treatment, slopes between 79 to 10° can be safely

1/ This paper stems from the author'as work, until recently, in Jamaica.
(As of 1975 he is working for FAO in El Salvador).
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Figure 1

TYPES OF BENCH TERRACES
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Origingt  Land Surface

Toe Drain

3. CONSERVATION BENCH TERRALES

-

/Ru noft  Contributing Area

/Origindl Land  Surfoce

. P Levet Bench

& REVERSE SLIPED TERRALES
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2e1 General Description

2.7+% Bench terraces

They are essentially a series of level or nearly ievel strips running across the
Blope supported by steep risers, The risers are either built Yy earth protected with grasse
or by rock walls, if rocks are available. Bench terraces can be built and cultivated by
manual labour, animal draughting tools or by machines. The detailed cross-sectional view,
terminology and computations of this type of bench terrace are shown in Figure 1,

2+7.2 Hillside ditches

The hillside ditch is a discontinuous kind of narrow, reverse-sloped terrace built
across the land in order to break long slopes into a number of short slopes so that tha
runoff will be safely intercepted and drained before causing erosion. The cross-section of
this kind of narrow bench is more convenient for maintenance than the coaventional type of
ditch. They can also be used simulianeously as roads. The distance between two ditches is
determined by the degree ar percent of the corresponding slope. The cultivable strip
between two ditches should be supplemented with agronomic conservation measures.,

2ets3 Individual basina

Individual basins are small round benches for planting individual plants. They are
particularly useful for establishing semi-permanent or permanent crops on slopesa for con-
trolling erosion, conserving fertilizers and moisture if mulched, and keeping weeds away.
They can be applied to dissected lands with varying depth of soils. They should normally
be supplemented by hillside ditches or orchard terraces.

2.1.4 Orchard terraceg

Fundamentally, orchard terraces are narrow bench terraces built on very steep slopes,
from 259 to 30?, and their spaces are determined by the planting distance of the fruit or
food trees. Because of steepnesa, the spaces tetween sheould be kept under permanent grass.
The trees can be planted either on the terraces or on the individual basins in the grass
atri ja]= "

241.5 M"Mini-convertible" terraces

"Mini-convertible” terraces are terraces of medium width built according to the
distancee used for hillside ditchea. Field crope are planted on the terraces whereas fruit
or food trees are planted in between. Should the futvre use of asloping lands be more inten-
give than today, the spaces batween tarrscea could then be converted alao into terracee.

If the reserse :is true due to labour shortage, then all the terraces could be planted to
orcharda.

241.6 Hexsgone

A unit hexagon is a special arrangement of farm road on a slope that envelops a piece
of land which can be easily acceseible to four-wheel tractors. The enveloped road or branch
road goes around the slope to connect with each operation route or terrace which is entered
by an obtuse angle. A group of hexagons forms a honeycomb with no land wasted. This land
treatment is primarily for mechanization of orchards oa a large block of uniferm terrain,

It can also be applied on steep slopes (such as 200} for = small farm (quarter hectara}.
In the latter camse, the operation routes could be cultivated to produce cesh crops until
the food or fruit trees in the grass sirip grow up.
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Figure 2

CROSS SECTIONAL VIEWS OF SIX MAJOR LAND TREATMENTS
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2.2 Specifications aend Applications

The specifications and applications of the above mentioned six major treatmenta are
summarized in Table t. Some supplementary nctes are given in the following sections:

24241 MWidth

For bench terraces, the proper width should be determined firsi by the crop needs,
toola to be used, soil depth and slope, as well as farmer's intereat and his financial
pogition. Too wide a bench (flat strip) will not only be too costly but alsc neede a deep
cat and results in very high risers which is undesirable. The widthe lieted for hand made
and machine built bench terraces in Table 1 show their, approximation ranges. For hillside
ditches and orchard terraces, 1.8 m or 6 feet wide is usually sufficient although the latter
can be wider when soil is deep and the aslope is around 25°%. 4 width of 3.4 m {11 feet) ie
found as minimum requirement for machine built terraces and for mechanization.

24242 Vertical intervals and spacings

(1) Bench terraces

To find out the vertical interval {VI) is the next important step after determining
the width because it not only gives the approximate height of the riser, but also gives the
basic data for calculating the cross—section and the volume of oil in a unit area. It is
algo used as a guide for ataking terraces on the ground.

The vertical interval {(VI) is actually the elevation difference between two succeeding
terraces., It is determined by the eslope of the land and the width of the benches, using the
following formula:

VI = Sx Wb
100 - S x U
Where VI : vertical interval in feet or metres
S 1 slope in percent {%)
Wb : width of bench in feet or metrea
U : slope of riser (ratio or horizontal distance to

vertical rise ueing value 1 for machine built
terraces and 0.75 for hand made ones)

{2) Hillside ditches and mini-convertible terraces

This i8 the same equation as used in the North American countries for broad bage
terracesat

Vl = aS + b

Where VI : vertical -interval between two ditches in feet
S : slope in percent (%)
a : constant of geographical location
b : constant for soil erodibility and ocver condition

during critical periode

The value of "a" and "b" varies from region to region and to the soil and cropping
conditions. However, 0.3 is used for "a" in humid conditions whereas 2 ie used for "b"
where auriliary conservation treatment is applied to the spaces between. In Jamaica, &
table of epacings of hillaide ditches on various slopes has been worked out and proved very
useful as shown in Table 2. The same table can be used for mini-oconvertible terraces.
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CROSS~SECTIONAL VIEW OF BENCH TERRACES
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In other humid countriea where the metric system is used, a2 similar equation ia
employed as follows:

S + S+ 6
I = -1%— or VI = 0
Where VI : vertical interval in meires
5 : s8lope in percent
2.2-3 IﬁnEEh

The length of a terrace is limited by the size and shape of the field, the degree
of dissection and the permeability and srodibility of the aocil. Longer terracea will
increase operation efficiency in future cultivation, especially for mechanization; they
algo reduce cost of construction. However, tooc great a length in ona direction may cause
accelerated runoff and erosion. Bamed on current experience, a maximum of 100 m (330 feet)
in one direction is recommended for humid countries.

2-2-4 Urade

It is very important to control the grades of a terrace. In areas of light rainfall
and permeable 80ile, the horizontal grade can be lower than 0.5 percent, whereas in an area
of intense rain and heavy soil, one percent im preferable to get rid of the excems runoff.
A reverse grade of 5 percent is also required for the bench terraces in order t¢ keep the
mnoff at the cut area or the toe drain, rether than on the loose fill area which is sus-
captible to aliding. For narrower terracas, a 10 percent reverse grade is needed.

2.2.5 Riaer and riser slope

The height of the riser is dependent on the width of the terrace. Too high a riser
ie always a risk for protection and maintenance, A height of 1.8 m to 2 m (€ ft to 6.5 ft)
after settling is found to be a practical limit. Table 3 shows the heights of risers in
relation to some land slopes and widthe of benches.

The slops of a riser depends on the texture of the soil, the tools and mzterials io
be used for building the terrace. For average conditions, the riser slope is 1:1 for
machine built terraces {including those built by Fresno Scraper, as explained in 4.2} and
0.75:1 for hand masde ones, provided they are compacted well enough and eveniually protected
by & dense grase cover or rock wall.

2,2,6 Minimum soil depth

The minimum @oil depth for the bench terraces car be obtained by dividing the height
of the riser by two. Por the other discontinuoue type of terraces, the depth of cutting is
equal to the riser height after mettling. A4ll these can be calculated using the equatione
in Figure 3. Table 3} has also shown minimum soil depths required for eome widtha of
benches on different slopes.

2.2.7 Slope limit

Hand made terraces could be applied to a Blope range of 7° to 25% (124 to 47%) while
the machine built ones from 7° to 20° (124 to 36%). For tree crops, 1.8 m (6 ft) dis-
continuous type of orchard terraces can be employed up to 309 slope if the soil is deep
enough. Thirty degreea (309) is a practical limit for all kinds of terraces. Othsrvise,
the riger will be too high and wide and the bench will bhe too narrow.
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It is generally not recommended to use bench terracing on slopes gentler than 7° (124)
for two reasons: ((i) broad based terraces and other simple conservation treatments can be

eanily adopted up to a 70 slope, and (ii) elopes of 0° - 7° do not usually present obatacles
to mechanized farming.

2,2.8 Net area

The net area, cr the area in flat benches after terracing, is very important in the
context of land use, This can be calculated by tha equation listed in Figures 3. It ise
interesting to note that for a given land slope and riser alope, the net arsa of the bench
terraces will be the same regardless of the bensh widtha., For inetance, on & 13° slope, a
hectare or an acre will produce 80% of fiat bencras cut by hand regardlees of whether the
bench width ia 3 m or 5 ms. The ateeper the elope, the lees net area there will be., Om

250 slope, the net area of the continuocus type of bench terraces is only 63.5% whereas on
79 slope it is 87.89.

2.2.9 Specification tables and volumes

A epecification table can be computed step by step according to the equations listad
under Figure 3 for different widths of bvench terraces and different slopes for planning and
field uses. The volumea of cut and fill can finally be obtained., The same procedure can
also be used for other kinds of terraces except hexagon enveloping roasds. Two pample pages
of Tables 4A and 4B, one for machine built bench terraces and one for hand made hilleide
ditches, are given for refersence.

3. PLANNING, SURVEYING AND STAKING

3.1 Planning

The planning and layout of terraces should include field examinatione of topography,
slope, soil depth, texture, ercoaion, the presence of rocks, present vegetation and land
use, and future crop plans, etc. If a conservation farm plan or land capability map ie
available, it will be moet helpful. After carefully examining the above mentioned factors,
decisiona should be made on the proper kind of terrace, its width and the tools to be used.
The vertical interval, the height of riser and the volume to be cut and filled, eto., can
be obtained from the specification tables.

Before atarting to stake out the terrace, decisions should be made on the site and
typs of waterway system and road network (see 5.1 and 5.2). Windbresks, if necessary,
should aleo bw located. All of these should be integrated into terracing work. A eketch
map for all the decisiona about each particular field should be kept for future reference.

3.2 Survey and Staking

Thars ars two ways of gurveying and steking out the terraces depending on the tools
to bs used for cutting the terraces and the kinds of terracea. For both metheds, steking
should etart from the firet terrace on the top of the field. After steking out, correco-
tions should be made if the graded contour lines have sharp hends or very uneven widths
batwean them.

3u.2.1 Centre line method

This is %o survey and stske out the centre lines of the terraces according to the
vertical interval. After completing the staking of all centre lines, a line of stake is
added in the middle of every two centre lines (cut and fill being equal) by eye judgement
te indicate that it is the bottom lines of the upper terrace and also the top line of the
succeeding lower terraca, In the case of the dimcontinucue type of terraces such as hill-
side ditches and orohard terrscss, after osntre lines are staiced out for the distance
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along the slope, a top line and a bottom line should be set parsllel to the centire line at
en appropriate distance to indicate the width of the ditch or terrace,

This methed is particularly good for all hand made terraces, The centre line should
be retained and marked as a guide for the non-cut and non-fill line during the entire
period of construction. The area above this line is the cuttiing area while the area below
is the filling area (Figure 3). This method also enables the surveyor to start staking
from the proposed waterway by 1% graded contours to ensure the future runoff will come to
a desirable spot as outlet.

3.2.2 Two line method

This method does not Btake out centre lines., Instead, it is to survey and astake
both the upper line and bottom line of a terrace with proper distances to form the planned
width of the terrace. A gpecification table should be consulted to find out the width of
the terrace (Wt} which is determined by the widih of the bench (Wb) planned on the particu=-
lar slope.

Before staking, an up-and-down guideline should firet be set on a representative
slope of the proposed area. Then stekes are et mlong this line by the terrace width {Mt),
or the width of road and grase ptrip in the case of hexsagons. After thia is done, graded
contour lines can be Btaked out from each of the gulde stakes,

This method is suited to a uniform slope of = large block of land where machines will
be employed for cutting terraces.
4. CONSTHUCTION OF TERRACES

Regardless of what kind of toola are to be employed for terrac. ag, the cut and fill
should be gradually done and kept equal 8o that no extra scil needs to be dieposed of or

taken from another place.

4.1 Construction by Manual Labeur

Generally speaking, a man can cut and fill 3.8 to 4 m> (or 5 cubic yards) of dirt
during eight houre of work., This may vary with the width of the terrace, type of soil and
the presence of tree roote or rocke. If the following rulec are observed, the work
efficlency and quality can be ensuredti

(1) Build the terrace when the land is not too dry or too wet.

(2} Start building the terrace from the top of a hill and proceed downslope.
In cage of heavy rain it will not be washed away. When the top moil treat-
ment ie practised, it is necessary to build from the bottom up. Temporary
proteotion measurss should thea be practised.

{3} The initial cut should be made right below the top etakes. Fill work should
be atarted againat the bottom stakes. By doing so, it will eventually reach
a desirable grade without over—cutting. Sometimes, rocks can be placed along
tha bottom lines, or turn the sods along the bottom stake lines before fill.

(4) After every 15 cm {6 inches) of fill, the moil should be compacted firmly by
a beater. When the fill is too thick, it can hardly be compscied, Terraces
going across exieting depremsion areama should be built particularly strong.

{5) The edge of a terrace should be built a little higher than planned bscauase of
mettling. The rate of settling may be as high as 10% of the dspth of fill.
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Operation of Freanc Scraper.
Soilas are dumped out and the
Scraper rides on ite runners.
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(6) Both the reverse and horizontal grades should be cheoked by level during
construction. Corrections should be readily made wherever nacessary.

{7) Shape the slope of the riser to 0.7511.

(8) Waterway shaping should be commenced only after the terraces are cut. Be
sure all the terrace cutlete are higher than the waterway bottom.

{9) A team of three men for narrower terraces and four for wider terraces will be
a good unit for efficient terracing work.

4.2 Construction by Animal Draughting Tools

Ploughs znd Fresno Scrapers {see Figure 4) pulled by oxen, horees or buffaloes are
employed in many countries in building terraces. The Fresno sorapers, however, canhot be
used to build terraces less than 3 m (10 ft) wide. Neither are Fresnos suitable in soilas
with many large, head-sized rocks. The following are some general rules to be observed:

(1) Do not use Freance when the soils are wet and stiocky,

(2) If the cut area of the terrace is very hard or with many grasses, it should
first be ploughed to allow the Fresno to move the soil.

(3) Start the operation of the Freeno by raising the handle so that the rear of
the floor of the scraper is 10 cm (4 in) higher than the cutting edge.
This angle will make the scraper cut inte the =m0il easily.

(4) After the bucket is loaded, release the handle and lst the scraper slide
flat ou its bottom to the area of fill for dumping.

(5) Start loading the scraper always at the high point of the cutting area and
as soon as it is filled, turn the animal at once end dump the soil parallel
along the lower line of the stakesa.

(6) Never load the Fresno so heavily that the animal cannot pull it.
(1) In dumping the soraper, ralase the handle to a vertical pomition so that

the Beraper rides on the runners and the dirt slides forward out of the
bucket,

(8) Better efficiency can be obtained if the cutting and filling operations are
done by turning the animal continuously without stopping.

4.3 Congtruction by Machine

A medium sized machine such as the Catergillar D—6 bulldoger with angled blade can
be employed for cutting wider terraces below 15 slope. A smaller one'may he used for
cutting narrow terraces on even 20° slopes. So far ae efficiency and economy are ooncerned,
the D~& can do a far better job if the slope is not too steep. The average production per
hour for a fairly afficient D-6 bulldozer ie ae follows:

Width of bench {Wb) Production per hour
3
m ft m cubic yds
EW 11 45.0 58,5
4.6 15 43.5 56.9
5.8 19 42.0 54.9
T-0 23 40,7 53,1}
8.2 27 39.7 51.9
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For instance, to cut 0.40 ha (an acre) of 4.6 m (15 ft) wide terraces on a 13° slope,
the total volume to be excavated and filled is 596 m3 or 785 cu.yds (see Table 44), It
would take the D=6 bulldozer 13,7 houre for rough cutting and 2.5 hours for final grading
and smoothing. The following are eome of tne rulea to bhe obmerved:

(1) Start cutting parallel to and about 50 com {1,5 ft} from the top line of the
stakes and push the dirt down slope and dump it just above the bottom line.
The bent efficiency will be maintained when the bulldozer travels down slope

about three times ita length or approximately 12 m to 13.5 m (40 to 45 feet)
for dumping.

(2) When it cute parallel along the top linre, attention should be paid to the
full load of the bulldozer blade, A48 Boon as the blade ia full, not earlier
and not much later, the bulldozer should be headed down to the dumping area.

(3) After dumping about 30 em {1 ft) thick along the bottom line, the dirt should
be compacted by the bulldozer. Whanever the bulldozer nesds to travel from
one end of the terrace to mnother, it should always run on the edge of the
bench for compacting.

{4) Use ihe angled blade each time for cutting mbout 40 to 50 cm (16" = 207),
Continue cut and fill until the desirable gradea, reverseely and horizontally,
ars attained. Or, mark the elavations of fill at the lower line of stakes
with coloured ribbons ae check pointse.

(5) Do not out or fill at the proposed waterway aite, and do not overcut at tne
toe drain,.

{6} Close supervision is neceasary. A dumpy level should be ueed for checking
the grades during construction. PFinal grading or emoothing should be done
88 goon ags the level checking is mada.

{7} Shape the riser slope to 111,

4.4 Topaoil Treatment

Bench terraces ueually expoee the infertile subseil which could reault in lower
production unlees some preventicn or improvement measures are to bes taken. One of these
methode is topsoll treatment, When fertile topseoil exiate, topsoil treatment is alwaya
worth undertaking, There sre two ways of doing it:

{1) The terraces are to be built from down slope up., After the bottom terrace
is roughly cut, the topeoil from the slope above i than pushed down to
the benoh and spread on it. The next to the bottom terrace, in the mame
fashion, geta its topeoil from above. This proceede uphill until the top
ons is built without topmeil., For a medium sized bulldozer it neads about
8 extra hours to treat one groes acrs, or 20 hours per hectare.

{2) The second method is to push the topsoil away to the snde bsfore cutting
the terrace and pushing it back when cutting is completed. For hand made
terraces, the topsoil can be piled along the centre line or at osrtain
intervale, provided that the bench ie wide snough.
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5e WATERWAYS AND ROAD REQUIREMENTS
541 Waterways

The waterway is an integral part of terracing in the humid regiona. In most casea,
a natural depregsion without shaping and protection is not safe to accommodate sxtra runcft
concentrated by terracing. On average, a hectare needs 100 m (330 ft) of waterway. For
larger blocks of land, the same waterway could serve up to two hectares. On acre basis,
150 to 200 ft waterway may be neaded.

5¢1.1 HWaterway planning

The site and kind of waterwsy(s) for = spacial field depend on the slope, veloecity
and amount of runoff and the tools to be umed for ocultivation. It is always desirable to
find a gontle depression area for the site of waterway plus shaping and revagetation. When
the velocity of runoff exceeds 1.8 m (6 f{) per second, engineering structure are usually
needed for additional protection. A grassed waterway alone ia seldom safe to be applied on

steep slopes, i.e. more than 11° or 20% slope. In the steep hill region, waterway structures
cannot be avoided.

The waterway is usually situsted at one end of the field. Sometimea, however, two
waterways instead of one are nesded, one each at both ends of the terraces to handle large
quantities of runoff and when the terraces are longer than 100 m (330 ft). Sometimes, a
waterway cen be installed in the middle of the terrace, leaving two ands for access roads.
A stepped waterway (aee 5.1.2) could be built in the middle if 4-wheel cultivation ims
required. Alsc, the same waterway can be uaed as a pathway up and down the terraces. On
gentle slopee, & waterway can be combined with road ditchee for tracter crossing.

The size of waterway ile determined by the peak flows of the area; its estimation is
not covered in this particular paper. However, waterways wider than 3 m {10 ft) are not
desirable on small farms because too much land is taken out of preoduction.

5+1.2 Types of waterways and structuras

There are many types of waterways depending on material available, shape of the
channel, purpoees and structure needs. A waterway oan also have many different ssctiona
according %o the protention needs, The following are brief descriptione of some major types
of waterWway. Their uses and approximate limita are shown in Table 5 and Figure 8,

(1) Grassed Waterways A parabolic shaped channel planted with low and rhizome
type graas. The channel should be shaped as uniform cross-section and con-
fistent in gradient am poesible., It ie the most inexpensive itype of waterway
on gentle slopes and its maintenance is easy.

{2) OGrassed Waterway with Drop Structures: On moderately steep slopes or in a
diacontinuous type of channel, small drop structures and check dams can be
uged in conjunction with graes to take care of the steep sectionsa, The
structure should not be taller than 2 m (6 ft) and the gradient between
the apron of the upper etructure and the weir of the structure immediately
below should not be over 3% to ensure their atability.

{3) Ballasted Waterway: Also on moderately steep slopes where large quantities
of head-aize stones are available, ballasting the parabolic channel with
stones keyad in the ground can provide a good protection. On steeper slopes
or for large quantity runoff, wire meah should be used.

(4) Prefabricated Ooncrete Waterway: On very steep slopes and where it rainms
8¢ frequently that normal oconstruction is hampered, these prefabricated
gtructurer, parabolic or V-notch type, can be readily used to protect the
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centre part of a waterway and leave two sides protected by grasas, -‘They can
also be used in these channels where there are constant small flowe due to
geepage or ground water.

Stepped Waterway: A series of drop structures with basina are used to
protect the steep risers of the terraces whereas on flat benches, parabolic
grassed waterways of 3% are employed to connect the drop structures. The
grassed portion on benche® can be easily crossed by a tracior and the
ptructures on steep risers can be used for collecting the silt and as
pathways. It is usually built in the middle of terraced fields.

Waterway and Road Ditch Complex: To combine road ditch and waterway ae one
channel on gentle slope is not only eoconomie but also convenient for
4-wheel mechanization. In a case like this, the road should be built
reverpe-pvloped allowing road water drains to the channel and aleo the
terraces should be sloped toward the same channel. The channel ahould Le
shaped parabolically and protected with ballasting stunes for tractor
crossing.

Footpath and Chute Complex: On very ateep slopes where mechanization ia
not applicable, a rectangular or trapezoid type of concrete or masonry
chute can be built with steps in the middle for both draining runoff and
for use as a pathway. It is particularly welcomed by small farmera.

Waterway inatallation

(1

(2)

(3)

Shaping: All types of waterways should be shaped as uniformly as possible
in cross-mection and gradient. Sharp turne and sudden falls should be
avoided unless where & water collecting basin ie planned or drop structurs
is to be built. Structures should be installed on solid cut soils or
polid rocks wherever poasible, Stakes, sirings or bamboo arches to mark
the shaping area and depths are in many cases needed. It is also important
to shape the waterway lower than the terrace outlets to ensure water
flowing in.

Grass Planting: An ideal grass for lining the waterway is one that is
available locally and ia the rhizome type or sod-forming type. Seeding
i® cheaper than sodding but it should be done with shallow ditching and
mulching at the beginning of the rainy seasgon. Strip-sodding can provide
quick protection. Sometimee pegs are used to etabilize the sods. Hydro-
peeding techniques which zre explained in detaila elsewhere in this
Manusal, could also be employed.

Conetruction of Structures: For design and construction of drop structures,
chutes and check dams, other sections of the Manual or a regular civil
engineering handbook should be consulied. A diagram of a prefabricated
concrete atructure for a parabolic waterway used in Jamaica is shown in
Figure 5, for reference. One bag of cement with 1:2:4 ratio could produce
1 structures. With a wooden frame, any unskilled farm worker can meke

the atructure.

The following are some important principles regarding the structure

constructionst

(a)

The water must go over the structures and not go around them. This is
perhape the most common cause of etructure failure. For drop structures,
gide walls must be high enough to direct the flow to the weir of the
structure and cut-off walls behind, beside and below the structure to
prevent water from seeping through are needed. For any type of ohute,
out-off walls are always necessary.
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{b} Structures must be built on cut and solid soil and the foundations
should be deep and strong encugh. Steel bars or wire mesh are needed for
chutes and for taller drop structures buiit with cement blerks,

{c) The apron or stilling basin of the drop or chute should be built strong
and big enough to dissipate the energy of the falling water and prevent
undermining.

{d) Enough good quality mortar should be ueed to assure that the structure
will be watertight and not permit water to flow through causing leakages.

{e) After the structure is built, tramp earth solidly behind or around it to
prevent cracking.

(f) Provide sodding at the junction of the earth and the atructure tu aveid
weter tunnelling.

5.2 Roada

Roadas are alsc essesntial to terracing programmes, Although the construction oy
roads is treated elasewhere in this Manual, the following sectiona are important to road
deaign and layouts with terracing systems.

5.2.1 For mechanization

Road access to and from terraced area is required for 4-wheel mechanization. On
gentlar slopes, the roads could be built up-and-down hills. On steeper slopes, they should
be built diagonally acroes the field. The maximum grade for this kind of tractor road is
7° 1o 8° ‘124 to 14%). DBecause bench terraces can be used as roads, there is no need of
roads transversing the slope. Generally apeaking, 200 m (660 ft} of road per hectare should
be ample for even rugged and steep terrains. The aprropriate width is 3.4 m or 11 ft,

There are four types of road aystem which can be used to ccpe with the different
field conditions and mechanization requirements. They are as follows:

(1) 'Two road system: Two up-and-down roads to connect both ends of tne terraces
at approximately right angles to the terraces. They are ideal for mechaniza-
tion on gentle slopes (below 10° or 18%). On large blocka of land, each
road could serve two sides.

(2) One road system plus U=turn: On moderately steep slopee or where there is
no room for gyetem number (1}, this type could be employed. A road is built
to connect one side of terraces whereas at the other side, a U~type short
road is connecting every two terraces for the tractor to turn around.

(3) One road aystem: If the benches {flat strips} are wide enough for tractor
turning, one road connecting one end of each terrace should be sufficient.
Or, the road could go through the terrace field diagonally in the case of
#ieeper slopes and round hills,

(4) Hexagon system: As explained previously, thim eystem is particularly
Buited to big farme and full mechanization ¢f orchard crops.

5.2,2 For manual or animal cultivation

The road reguirements for manual or animal cultivation are 1335 rigid. A width of
2m {about 6 ft) should be ample and the road gradient can be up to 15° (26.84) or more.
One hectare needs about 100 m (330 ft)} to 150 m (480 ft} of road.
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6. PROTECTION AND MAINTENANCE

Protection measures on newly built terraces, waterways and roade and, thereafter,
their maintenance are very essential to the succeas of the overall terracing progranme.
Field workers and farmera should carefully examine the terraced area during the first two
rainy seasons. Any small damage should be immediately repaired before it becomes worse.

*4 atitch in time saves ninel" Many terracing programmes have failed ngt because of design
or construntion, but owing to negligence in protection and maintenance.

641 Protection Measures

6.1.1 For terraces

{1} After the risers are properly shaped, grasses gshould be planted or hydro-
seeded on the risers. Local grasses of rhizome type are much more desirable
than tall grasses, although the latter may produce forage for cattle.
Figure 6 shows the terrace risers are well protected by carpet grass
(Axonopus compreasus). Use stones for protecting risera, if available.

(2} '™e terrace outleis which are always critical should be well protected either
by sod-foirming grassea or by smull checks (using a piece of rock or brick to
form a check).

(3) On that part of the bench where the stepped waterway is crossing, grasses
ghould also be established.

(4) Auxiliary conservation treatments or grasees should be well established
between the discontinuous type of terraces.

6.1.2 For waterways

(1) In most cases, grasses are planted to protect the channel or part of the
channel. In rainy season, mechanical support is sometimes needed, such as
using pegs to anchor sods or mulching for seeding, during initial stage.

{2) Waterways should be protected from other use, such ae paths or for trans-
porting materials.

6.1.3 For roads

(1} Unstable road banks should be protected by various methods, i.e., wattling

and staking, sodding or hydro-seeding, etc., which are described elsewhere
in this publication.

{2) Steep road surfaces should be protected either by grass, marl or stones.
In any case, cross dralne are needed. The distance between two draine can
Ya decided by the following formula which is a modification of the one used
by the U.,S. Forest Service and proved to bhe very successfnl in Jamaica.
800
I = e

Where I : Interval along the road surface by foot
3

Slope in percent (%)

(3) Steep road ditches should be protected by ballasting or a combination of grass
and small loose rock checks. Further details on road protection are given in
the peper by Megahen in this publication,
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6e2 Maintenance

4 total of 30 man daya a year for maintaining one hectare or 12 man days per acre
for bench terraces should be ample. For hillside ditches and orchard terraces, etc., it
should be much less.

6.2.1 PFor terraces
(1) PFor benches:

(a) Keep the toe drains always open and properly graded and do not permit
any accumulation of water in any part of the terraces.

(b) Allow all runoff to collect at the toe drains for safe disposal to
the protected waterway. Obstacles like continuous mounds or beds
should be broken to permit water paseing to the toe drains.

{e} Keep grasses and weeds away from the benches,

{d) Maintain proper reverse slopes of the benches or basins and reshape
them immediately after crope are reaped. Ploughing should be done
carefully so as not to destroy the toe drains and the reverse grade.

{2} Por risers:

(2) Do not allow any runcff to flow over the risers.

(b) Keep grasses growing well on the risers. Weeds and vines which
threaten the survival of the grasses should be cut back or uprooted.
Grasges ahould be kept reasonably low and fertilized.

(¢) Any emall break or fall from the riser should be repaired immediately.

(@) Xeep cattle away to avoid trampling on risers or eating the grass,

(3) For outlets:
(a) Check the outlets and see whether they ure adequately protected.
(b) Any eilt in the outlets should be cleaned,

(4) For soil productivity:

(a) Deep ploughing, ripping or sub-soiling is needed on the cut part of
the bench terraces to improve the structure of the eoils.

(b) Green manuring, composting or sludge application is alao needed in
the initial period for improving soil fertility.

(¢) Maintain soil productivity by proper crop rotation and fertilizing.

6.2.2 For waterways

{1) Keep the water flowing through the waterways, instead of going around or
underneath the structure. Any detectable breska should be Tepaired
immediately.
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Figure 6

Terraces on 150 to 20° slope. HNote the ripers are protected
by carpet grass and a stepped waterway 18 in the middle
(Smithfield Demonstraiion Watershed, Jamaica).
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(2) Brush or large weeds should be removed before they weaken the grass. The
whole waterway should be kept in dense and low grase cover and ae uniform
es poasible to aveid a turbulent flow.

(3) Structures should be checked at least twice a year, once before the rainy
seanson and the second after the raine. Any minor eracks, tunnels and bresks
around or on the structure should be repaired before they are too big or
bacome very sarious.

(4) Clean out milt trapped in the etilling basina. The silt can be put back
on the terracss,

(5) Keep etones properly fastened at ballasied waterwaye.
6.2.3 For roade

(1) Maintain a proper profile of the crogs drains and clean silt out of the
drains after heavy rains.

{(2) Prevant use of the roads by heavy trucks when they are too wet or soft.
(3) Culverts and side ditches should always be kept open.

(4) Re-shape road surface if there appeara to be track erosion either by
wheels or by hooves of animals.

Te COSTS AND BENEFITS
Te1 Conta

1.1 Costs of terracing

The cost of terracing per unit arsa depends on slope, moil, type of terrace, width
of bench, presence of rocks or tres stumps and tools to be employed for outting them. If
the width ie fixed, the steeper the slope the more expensive the terracing work will be.
If the slope is fixed, however, the wider the bench, the more costly it will be, although
the percent of bench {flat area) in a wnit area is otill the same., If volumes to be cut
are the same, machine built terraces are generally cheaper than hand made ones. But, the
type of road snd waterway regquired for mechanization may affect the total cost a great
deal. Disconiinucus type of terraces, i.e., hilleide ditches, orchar: taerracea, eto,,
generally cost much leas then bench terraces.

Figures TA and B shoew the examplas of volumes of Boil to be cut and filled per
hectare and per acre for one kind of terrace: bench terraces, The equation for calculating
the volume ie shown in Figure 3. In deeign and construction of terraces, the volume to
bte out should be equal to the fill, so that no extra spil is needed tc be borrowed from

elsewhers or dispoeed of, In calculating the volume, therafore, only one part, the cut
part, needs to be figured out.

Once the volumee ars calculated or found from the specifi cation tablee (sae 2.2.9),

the cost of cutting various types of terracee cen be readily obtained from the following
squation:
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G*%xﬂ

Where C : cost of cutting terraces
v t volume of cut and fill
T t output per man day or per machine hour

R : wage per man day or rate per hour

The output per man day or per machine hour depends on the site, sfficiency3of work
and tools to be used. On the average, a man with hend toole oan cut and fill 4 m~ (about
5 cu. yds) in one day (B hours); a D-6 bulldozer can build 42 m3 (55 cu. yde) an hour; and
a men with animal draughting toola (plough and Fresno Soraper) can cut and fill 16 m3
(20 cu. ydaz. For hand made individual baeins, a man day can build about 18 basine of
1.5 m (5 £t} dismater. . '

A hectare of 4.6 m (15 £t) bench terraces on 15° s8lope, for inastance, may need 425
man days, 47 bulldozer hours or 106 animal days. Only 41 man days are reguired to complete
one hectare of 1.8 m (6 ft)} of hillside ditches on the same slope.

Te1e2 Amsociated coats and annual ooBts

Costs of waterways and roads vary from one field to another. Generally, terraces
for mechanization should cost more on waterway structures and road construction. If one
hactare of bench terraces requires 100 m of waterway and 200 m of road (see 5.1 and 5.2),
the coet can be estimated from the labour and material needed to build them. Other ccets
like riser stabilization, eoil improvement (optional cost) and terrace maintenance, eto.,
can also be estimated according to the astual needs.

Teble 6 is an example of total and annual costs of banch terracing in Jamaica
(Reference 9). Although these are 1971 figuree, the wages and machine rates may be quite
oloss to the prevailing rates in most of the developing countries at present. An snnual
cost per aore from US$ TO to US$ BO or per hectars US$ 175 to US$ 200 with or without soil
improvemant respectively, should be a fair estimation. For discontinuous types of narrow
terraces, the annual cost can be much lower, hecause the cutting and maintenance ocosts are
less.

In many developing countriee, small farmers can uss their own labour to complete
tarracing their own farma bit by bit over 4 to 5 years, with technical servios and
inoentiven such as subeidies and cement from the CGovernment. It would not overburden the
farmer if the terramoing cost — which ia mostly family labour — can be spread over a number
of years.

1.2 Benefita

T+2.1 Inoressse of farm produoiion

Terraces can be expected to increame farm production by an average of 20 to 30 per-
cent. They conmerve fertilizers, moisture and topseils and gradually build up weil
fertility., They aleo facilitate hLetter cultivation and management. In many lnstances, the
production per unit area has more than doubled. For example, the UHBP/FAO Forestry Depart—
ment and Waterwhed Managemesnt Project at ita Smithfield Demonatration area in Jamaioa has
tripled the production of both Lucea yam and Yellow yam (Dioscorea epp.) in the newly
terraced areas, The net return per acre of yam, after deducting the annual coet of terraces,
is around US$ 750.
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Te2+2 Protection from ercsion

Runcff and soil lo9s plot studies in many humid tropical countries have shown that
various types of terracing could cut down a considerable amount of soil loss in comparison
with the conventional way of cultivation on the slopes.

For example, the results of a 4-year soil loss experiment on 1?D slope in Yellow yams
in the northwest of Jamaica where the annual rainfall is 3 250 mm (130 in), showed that an
average of dry goil loas per acre per year from the check plot was 54 tons while from the
bench terrace plot it was 7 tons. Hillgside ditches with continuous mounds or with individual
hills yielded 11 tons and 16 tons respectively. In terms of soil depth, the check plot
lost 0.43 inches (1.1 cm) a year while the bench terraces lost 0,06 in (0,15 om).

Ta2a43 Other benefits

In addition to the above, terracing programmes hare many other benefits as follows:

= Minimize sedimentation and stream pollution

- Reduce runoff and flood damage

= Intensify land uae

-~ Create arable lands and enable free choice of crops

- Stimulate improved faming practices

= Improve drainage and provide better sites for cultivation

~ PFacilitate mechanization on steep slopes

~ Maximize irrigation benefits

- Encourage permanent farming and reduce snifting cultivation and forest fire
- Promote labour intensive programmes and create new job opportunities
= DBeautify landscapes and provide better environment

A terracing programme in the long run serves to protect the land and water resources
of the country for posterity and for sustained production. It is eimilar to public health
programme or national defence which are all neceseary to a nation., 4 cost—effectiveness

analyeis of such » programme may be more appropriate than the conventional way of coat and
benefit analysis.

When the whole world is troubled by food shortages and environment deterioration,
and when many developing countries have idle hands or idle lands in the hilly watersheds,
terracing may be one of the best solutions.
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Table 1

SFECIFLCATIONS AND APPLICATIONS Or £IX KINDE OF TERRACES

Znecifications Applications
Kind Jdidth of Length Horizontal Reverse  Riser Land V.. 'l/ Auxiliary
Bench Grade Grade Slope Slope or Spacing Treatnents g/
{Fla* Pari)
1. Bench Terraces
a, Hand made 2.5~5.2 m <100 7 14 5% 0.75:1  T°=25° g x Ab -
(&ta171) (<3301} (12-47)  100-8 x .75
b, Machine built Jad=3.2 2 <100 n 1. 5% 1:1 7°-20°¢ S x Ab -
(191271} (<3130} (12-36%) 100 ~ S x 1
2., Hillgide ditches 1.0+ <100 1 174 107 0.754 < 25¢ aS+Dd Contour planting
{6*) {~330) 47) Close planting
Mulching
Cover cropping
3. Individual Tasins 1.5=2.1 = 1.5=2.1 " - 107 0.751% < 25° Flanting Hillside ditches :
{5r=7") {517} (47%) distance Orchard terraces I
of crops Mulching 1
Cover cropping
Contour planting
4. Orchard terracet 1,5-2.5 1 <100 m 100 510/ 0,751  29°=30° tém Crass cover
(6'=E") (<330%) (47-58%) (z20') Individuzl basins
along slope
5, ini-convertible 3.4 <100 n 13 o, 151 Te=20° ag+b Grass cover
terraces (111) (<330") (12=-36%) Individual basins
Mulching
6, Hexagons
&. Terraces and 3.4 1 <100 A 1 5% 1:1  7°-20° 6 Grass cover
operation routes (11+] {¢330") {(12-36%) (£20¢) Individual basins
along elepe
b, Enveloped or 3.4 m <70 5% 1 To0° - Grass or marling '
branch road (1Y) (< 12%) (12-36%) Crosa draine

l/ V.I. is vertical interval between two succeeding terraces that deternines space.

g/ To be applied mostly in between the terraces or on basin nyrfaces.
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Table 2

SPACINGE OF HILLSIDE DITCHES ON VARIOUS SLOPES

Slope . Vertical Interval Spacings or Inclined Distance
Degree (®) Per cent (%) (£t) {n} {£¢) {m)
1 1.8 2.54 C.T1 145 44.2
2 3.5 3.05 0.93 87 26.5
3 5.2 3.56 1.08 68 20.7
4 7.0 4.10 1,25 53 17.7
5 3.6 4.58 1.40 52 15.8
6 10.5 515 1.57 49 14.9
7 12.3 5.69 1.73 46 14.0
9 15.8 6.74 2.05 43 13.1
10 17.6 T.28 2.22 M 12.4
11 19.4 T7.32 2.38 40 12.2
12 21.3 8.39 2.56 40 12,2
13 23.1 3.93 2.72 9 1.9
14 24.9 .47 2,88 39 11.9
15 26,4 10.04 3.06 33 11.6
16 20.7 10.61 3.23 15 11.6
17 30.6 11,15 3.41 36 11.6
186 32.5 11.75 31.58 35 11.6
19 4.4 12.32 3.76 35 11.6
20 16.4 12.92 3.94 3 11.3
21 38.4 13.52 4.12 37 1.3
22 40.4 14.12 4.30 3 113
23 42.4 14.72 4.49 37 1.3
25 46.6 15.98 4.57 LY} 1.3

Remarke: 1. Cpacings may be decreased as much as 25 per cent and increased
ae much as 10 per cent to allow for eoil, climatic, crop and
faming needs.

2. From 1 to 6 degrees, the spacings are the same as for the
broadbase terraces.

3. These precisely calculated values naturally would be "rounded”
as needed for use in the field.
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Table 3

RISER HEIGHTS AND MINTMUM SOIL DEPTH REQUIRED.l/
IN RELATION TO SOME LAND SLOPES AND BENCH JIDTHS

Width of Bench Slope Riser Height Hinimun Soi} Remarks
(Wb) Depth 1/
1. Bench Terraces
2,5 m (&) 18e 1.17m 59 cm Hand made
(32.54) (3.84*) {23in)
250 1.5 * 93 om Hand made
(46.6%) (6.131) (36.6in)
3.4 m (110) 110 0,93 m 46 e Hand made
(19.47) (3.05') (18.3in)
200 1.84m * 02 o Hand made
(36.4%) (6.06") (36.31n)
4.6 n (151) 14° 1.74m * 87 am Machine built
(24.9%) (5.72"} (34.3in)
5.6 (19') 120 1.5 m * 92 e Machine built
(21.3%) (6,09") {36.3in)
7.0a {23') 100 1.64 7 * 97 e Machire built
{17.64) (6.067) (36.3in)
2. Hillside Ditches
1.8 m (6*) 110 0.30m 0 em Hand made
{19.4)) {0.98") {11.8in)
130 0.48 m 40 om Hand made
(32.5%) (1.59) (19.1in)
25° 0.75 n T5 em Hand made
{46.65) (2.45') {29.4in)
3, Orchard Terraces
1.8 (&) 2g9¢ 0.97 m 97 e Hand made
(55.4%) (3.1} {37.6in)
2.5 m (8) 25¢% C.S3 m 93 om Hand made
(46.64) (3.06) (36.61n)
4. Hini-Convertible
& Hexagons
340 (117) 1te 049 m 49 om Machine buill
{(19.4%) {(1.60) (19.2in)
$180 C.59 = 89 cn Machine built
(32.5%) (2.927) (35. :in)

% At the limit of the riser height.

l/ Because of calculations and conversions, the precise depths and dimensions shown here
will need to be "rounded" as required for field use.
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Table 4A

SAIPLE SHEWT OF SPECIFICATION TABLES

Specifications af Machine Duilt Bench Terrages

Reverse Slope 5%
Riser slope 1:1
Width of ;;:gqa 13° 140 15° 16° 17° 18° !
|Penchift) |boly jinig 23. 1% 249 26 B 26,2 A0 R 12 5~

VI | £t 3.9 .31 4.76 5.23 5.73 6.26

RH | ft 0.65 .65 0.65 0.65 0.65 0.65

Hr | ft 4.5¥ 4.96 5.41 5 .88 6.39 6.91

Wr ft 4, 536 4.95 5.41 % .88 6,38 f.91

13 we | £t 17,50 17.96 18.41 18.88 19.138 17.41
L £t 2,480.64] 2,425,309 2,366.11 2,307.20f 2,247.68) 2,187.R%

£0? | 32,248.32 31,530.07 30,759.43( 29,991 .60| 29, 213.84 28,342.05

Pb %2 74,00 72.40 70.60 68.90 67.10) 6€5.30

c £t 7.4 8,06 f.79 9.56 10.237 1,22

v ft; 18,381.54] 19,54B.64] 20,798.11] 22,056.83{ 23,308.44 24,569.5%6

oy tyd 680,89 _ 724.10,__ 770.40|___815.98]  863.30 __910.00

VI | ft 4.2y 3.64 5.13 5,64 6.17 6.74

RH | £t 0. 70 0.70¢ 6.70 0.70 0.70 0.70

Hr | ft 4.91] 5.34 5,03 6.34 6.57 7.44

Wr Ft 4,9) 5.34 5.83 6.34 6,87 7.44

14 Wt= | £t 18,91 19,34 19.83 20.34 20.87 21.44
L ft 2,301.54 2,252.33 2.196.67) 2,141.59 2,087.24 2,031.72

£t 32,249,5d 31,532.62 30,753.28 29,982, 26| 29,220.94 28,444.08

Pb % 74,04 72.40 70. &0 66.80 67.11 £5.30

e £l 8.59 9.35 10. 204 11.10] 12.01 13.02

v £e> 1 19,787.41 21,059.29 22,406.03] 23,771.65) 25,088.2¢ 26,452.99

ey | vl 732.9 780,00l 029.90 _ 8g0,50 _ 929.3q ___979.80

v | ft 4.51 4.97 5. 49 6.04 6.6} 7.22

RH | ft 0.7 0.75 0.75 0.75 0.79 0.75

Hr | It 5.24 5.7 6. 24 6.79 7.39 T7.97

Wwr | ft 5. 26 5.7 6.2 6.79 7.134 7.97

15 wt | fe 20. 24 20.7 21.2 21.79 22.3 22.97
ft 2,150 0§ 2,102.32 2,050.8% 1,999.08 1,9408.13 1,096.39

A ee?| 32,250.74 31,s34.8d 30.762.7% 29,986.20 29,221.89 28,445.8§

Pb % 74.0 72.4 70,6 68.60 67.1 65.31)

c | ee? 9.8 10.7 11,7 12.73 11.8 14.94

v | £t?] 21,199.49 22,557.89 23,994.93 25,449.29 26,884,084 28,332,07

[or's m3 7&5,_1&__835L561 g08.8 982.60 _  995.8Q 1,049,44

(5)

Published 1973 bv UNDP/FAC J& 505 Project.
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Iable 4B
SAMPLE SHEET OF SPECIFICATION TABLES
Specifications oi Hiriside Ditches Width: 6tt.
Rewerse Slaope: £
Riser Slc?c‘: 0.75:1
Specifica- i |Specifica-
| Siope  (Symbolsi Units tione Slope Symbols Units tions
vit. ft 1.84 Vit ft 2.38
RE 23 0.60 RH ft 0.60
Hr ft 1.22 Hr ft 1.49
Wr £t 0.91 Wr £t 1.12
14° Wt £t 6.91 17° Wt £t 7.12
(24.9%) L ft 1,144,.00 {30.6%) £t 1,185.860
A £t 6,864,00 e” 7,113.60
Pb % 15.76 Pb -x;z 16.33
c £e? 1.03 £t 2,24
v £ed 2,093.52 v £t 2,655.74
oy ¥d 77.54 cy va' 28,36
D £t 39,00 D £t 38,00
Vit £t 2.01 VIt ft 2.58
RH ft 0.60 RH fr 0.60
Hr ft 1.31 Ar ft 1.59
W £t 0.98 we ft 1.19
15° Wt £t 6.9 18° Wt £t 7.19
(26.8%) |L ft 1,173.12 (32.5%) L £t 1,198.08
A £t 7.038.72 £e2 7,188.48
b % 16.16 Pb % 16,50
g2 1.96 c ft;2 2,39
v £e? 2,299.32 v £e’ 2,863,41
o va’ 85.16 oY va? 106.05
In £t 38.00 n £t 38.00
: vt ft 2.19 Vit ft 2.78
RH £t 0.60 RY £t 0.60
| e ft 1.39 HE £t 1.69
Wy r 1,00 i wr L 1,27
160 Wt Et 7.04 109 Wi £t 7.27
{28. 7% L £t 1,185.60 {34.4%) |L ft 1,198.08
A ge? 7,113.60 A 62 7.188.48
Pb % 16,33 Fb % 16.50
c ft2 2.10 _ C fgz 2.54
v £t 2,489.76 'l v £t 3,043,12
cY va’ ; 92.21 | | oY yd 1;:-1;
D ft ! 38,00 | (41} D 'Fe .
i : J i

Published 1973 by UNDP/FAO J&1 505 Project.




~-178 -

Table 5

MAJOR TYPES OF JATERJAYS:
THEIR USES AND LDMITS 1/

Type Shape Channel Velocity Slope Uses
Protection Limit Limit
1, Grassed Parabolic By grass 1.8 m/eec  <11° (20%) For new waterway
daterway (6*/zsec) or uniform sloped
depression
2. Graseed Parabolic By grass and 1.8 m/sec  Between For discontinuous
waterway with concrete or (6 /sec) two etruc— type of chamnel
drop structures masonry tures: 3%,
structures overall
slope
<11° (20%)
3. Ballaeted Parabolic By stones or 3 m/eec <15° (26%) wWhere gtones are
watervay by stones and (10" fsec) available
wire mesh
4. Prefabricated 4 s8tilling basin
concrete is usually needed
waterway at the end
a. Parabolic Parabolic By concrete - <20° (36%) Where rainfalls are
waterwsay structures and frequent and flows
grass are congtant
b. Venotch 90° V-notech By concrete - >20° (36%) Same as above and
chute structures and on very steep
grass slopes
5. Stepped Parabolic By grass and On grass Overall For 4-wheel
waterway and concrete or part: slope mechanization and
rectangular masonry drops 1,8 m/sec <20° (364} in the middle of
{61 /aec) bench terraces
6. Aaterway and Parabolic By grass and 3 m/sec <B° (14%) For tractor cross~
road ditch stone ballast- (10'/sec) ing and 4-wheel
complex ing mechanization
7. Poot-path and  Trapezoid By concrete - >20° (36%) For paths on enall
chute complex or Or masonry farma and on very
rectangular structure steep 8lopes

‘1/ Thepe limite are approximations for general reference.

In practice, s

the volume and velocity of runoff and site conditions should all be
taken into consideration for detemmining the type of waterway needed.

¥Moet of these types of waterwaye handle a few hectares of runoff.
(See Figure 8)
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Table 6

TOTAL AND ANNUAL COSTS OF BENCH TERRACING
PER ACRE OF PRIVATE AND PUBLIC LANDS

Cutting 15ft (4.6 m) wide benches on 13° {23%) slope:

Hand made Machine built
Net Aren 0.80 0.74
Volume to be cut
and filled 798 cu.yds 785 cu.yds
Hand made Machine built
{Private Land) (Public Land)}
A, Terracing:
1. Conatruction (177 /2 x $2.00) 1/ (16.2 hrs x $10.00)
J$354.00 2/ J$162.00
2. Riser stabil ation (2 1/a x 382.00) (10 m/a x J82.33) 1/
4.00 23,30
3. Soil fertility improvement (50.00) (optional) (100,00) {optional)
Sub-total 358.00 185,10
{408.00) (285.30)
B, daterway and Road:
1. daterway 80,00 130,00
2- Road - 11070
Sub-total 50.00 201,70
TOTAL COST J$438.00 JE87.00
C. Interest and Amortization 3/ 35,30 31.20
D. Annual Maintenance (15 n/d x $2.00) (15 2/d x %2.33)
30,00 5,00
TOTAL ANNUAL COST 3865.30 J$66.20
(4ith soil fertility improvement) (J$69.30) (7$74.30)}

1_/ Wages for private land are J$2.00 per man-day and for public land J$2.33.
2/ J$1,00 equale US$1.10.

}/ 30 years ammortization and 7% rate of interest.




XII.

GULLY CONTROL STRUCTURES AND SYSTEMS

by

Burchard H. Heeds 1/
Rocky Mountain Forest end Range Experiment Siation

Te INTRODUCTION

1.7 The Main Processes of Gully Erosion

The mechanics of gully erosion can be reduced to two main processes: down cutting
and head cutiting. Down cutiing of the gully bottoem leads to gully deepening and widening.
Head cutting extends the channel into ungullied headwater areas, and increases the Biream
net and ite density by developing tributeries., Thus, effective gully control must stabilize
both the channel gradient and channel headcuts.

1.2 Long-term Objective of Controls: Vegetation

In gully control, it is of benefit to recognize long- and short-term objectives
because often it is very difficult or impossible to reach directly the long-term goval
vegetation, and gully conditions must be first altered. Required alteraiions represent

immediate objectives.

Where an effective vegetation cover will grow, gradients may be controlled 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
locatione. The moet effective coser in gullies is characterized by great plant density,
deep and dense root sysiems, and low plant heighi. Although quantitative values cannot be
given, it is obvious to the casual observer that a low, denae cover with dense, deep roois
adds stability to the aoil surfavce. Long, flexible plants, on the other hand, such =e
certain tall grasees, lie down on the gully bottom under the impact of flow. They provide
a smooth interface between flow and original bed, and may subatantially increese flow
velocitiea. These higher velocities may endanger meandering gully banke and, in spite of
bottom protection, widen the gully. Treea, especially if grown beyond sapling stage, may
reatrict the flow and cause diversion againat the bank. Where such restrictions are con-
centrated, the flows may leave the gully. This is very undeeirable because, in many cases,
new gullies develop and new headcute form where the flow re-entere the eriginal channel.

1/ Principal Hydranlic Engineer, U.S. Forest Service {Rocky Mountain Forest and Range
Experiment Station); suthor is located at Tempe, Arizona in cooperation with Arizona
State Univeraity; ezperiment station headquarters are maintained at Fort Cellins, in

cooperation with Colorado State University.
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1,3 Eagineers' 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 meverity of gully erosion) engineering measures will
be required. These measures are nearly always required at the critical locationa where
channel changes invariably take place. Examples are nickpoints on the gully bed, headcuts,
and gully reaches close to gully mouth where deepening, widening, and deposition slternate
frequently with different flowe. Nickpoints aignify longitudinal gradient changes; a gentler
gradient is being extended toward headwaters by headcutting on the bed. Normally, critical
locations are easily definable since the active stage of erosion at these sites leaves bed
and banks in a raw, disturbed conditicn.

The designer musti keep in mind that well-eatablished vegetation perpetuates iiseif
and thus represenis a permanent type of conirol. In contrast, engineering measures always
require some degree of maintenance, Because mainienance ccats time and money, projects
should be planned so that maintenance is not required indefinitely.

An effective engineering deeign must help eatablish and rehabilitate vegetation.
Revegetation of a site can be mided in different ways. If the gully gradient ie etabilized,
vegetation can become established on the bed. S5taebilized gully bottome will make posaible
the stabilization of banks, since the toe of the gully side slopes ie at reet. This process
can he speeded up mechanically by sloughing gully banks where steep banke would prevent
vegeiation estakliehment. But sloughing should be done only after the bottom is etable.
Vegetstion rehabilitation is alse speeded if large and deep deposits of sediment accumulate
ir the gully above engineering works. Such alluvial deposits make excellent aguifers,
increase channel atorage capacity, decrease channel gradients, and thus, decreass peak
flows. C{hannel dapcsits may also raise the water table on the land outside the gully. They
may reastivate dridd-up eprings, or may convert ephemeral mprings to perennial low., All
these Tesults create conditions much more favourable to plant growth than existing before
control.

1.4 Watershed Restoration Aide Gully Control Measuree

Measures taken ocutside the channel ¢an also aid revegetation processes in the gully.
Improvements on the waterahed that increase infiltration and decrease overland flow, and
epread instead of concentirate this flow, will benefit gully healing processes., Normally,
however, improvements can be attained quicker within the gully than outside, because of
concentration of treatment and availability of higher acil moisture in the defined channel,

Many types of watershed restoration measures have been devised. Since these are only
supplemental to gully contrel, some examples will suffice here: aeeding and planting with
and without land preparation and fertilization; vegetation cover conversions; and engineering
works such as reservoirs, water diversions, benches, terracese, trenches, and furrowe.

1.5 Immediate Objectives of Conirel

The discuseion on engineering works - vegetation cover relations .in gully control -
ghowsd that differeni types of measures benefit plants in different ways. It is therefore
impertant to clarify the type of help vegetation establishment requires moat. Questione
should be answered such as: is the preaent moisture regime of the gully botiom sufficient
to support plants, or should the bottom be raieed to incremse moisture availability? One
nuat recognize that a continuoue, even raising of the bottom is not poseible, Due to the
proceeses of sedimentation above check dams, deposite have a wedge-shaped oroes section if
plotted along the thalweg.

The immediate objectives of a gully treatwment must conaider other aspects in addition
to plant cover, Usually, these considerations involve hydraulice, sedimentation, seils,
and sometimea the logistics required for the management of the watershed. For instance,
management may call for deposite of maximum poesible depth at stirategic locations 1o
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provide shallow gully croesinge. To achieve this objective will require the largest possible
gsediment accumulations. Thusa, if sediment catch is a demirable objective, large dams should
be built. But if esthetic considerations make check dame undesirable (and watershed
logistics and revegetation offer no problems) gully bottom may be stabilized with dams
submerged into the bed, and thus invisible to the casual observer. These examples illustrate
how important it is to clarify ihe immediate and overall objectives of a planned treatment
before deciding on approaches and measuree. The objectives determine the measures; the
measures determine the type of result.

2. TYPES OF POROUS CHECK DAMS

The most commonly applied engineering measure ia the check dam. Forces acting-on a
check dam depend on design and type of consiruciion material, Non-porous dama with no weep
holes, such as those built from concrete, steel asheet, wet masonry and fibreglass, receive
a strong impact from the dynamic and hydroatatic forceas of the flow. These forces require
strong anchoring of the dam into the gully banks, to which much of the pressure is transmitted.
In contrast, porous dams release part of the flow through the struciure, and thereby decrease
the head of flow over the spillway and the dynamic and hydrostatic forces against the dam.
Much leas pressure is received at the banks than at non-porous dams, Since gullies, generally,
are eroded from relatively aoft soils, it is easier to design effective porous check dams
ihan non-porous ones, Once ithe catch basin of porous or non-porous dams is filled by
sediment deposite, however, structural stability is leas critical because the dam crest
has become a new level of the upatream gully floor.

Loose rack can be used in different types of check dams. Dams may be built of loacse
rock only, or the rock mmy be reinforced by wire mesh, steel posts, or other materiale. The
reinforcements may influence rock eize requirements. If wire mesh with small mesh opening
ia used, rocks could be ameller than otherwise required by the design flaw.

Some different types of check dams will be described, but the field of check dam
design is wide open. Many variations are poassible. 3Some of the most effective and
inexpensive dams are built mainly from leoose rock, They will, therefore, be emphasized in
the descriptione that fellow.

2.1 Loose Rock

The basic design of a loome-rock ~heck dam is illustrated in Figure 1, Volumes of
excavation and of rocks required in the consiruction can be calculated from the drawings
given in this paper. Rock volumes can also be obtained from an equation discuseed in the
section on Equatione for Volume Calculationa, 1f facilities are available io use the
computer programme developed by Heede and Mufich {1974), volumes aleo may be calculated by
oomput?ri In a Colorado project, the drawings also served well in the field as construction
plans (3).

Since loose-rock dams are not reinforced, the angle of rest of the rock should determine
the alopes of the dam sidea, This angle depends on the iype of rock, the weight, size, and
shape of the individual rocks, and their size distribution. If the dam sides are conatructed
at an angle steeper than that of rest, the structure will be unatable and may loee ite shape
during the first heavy runoff. For the design of check dams, the following rule of thumb
can be used:

the angle of reat for angular rock correaponds to
a slope ratio of 1.25 to 1.00; for round rock, 1.50
to 1.00. Pigure 2 illustrates a dam built from
angular loose rock
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Figure t. Conatruction plans for a loose-~rock check dam

A.

Section of the dam parallel to the centreline of the gully.
B,

Section of the dam at the cross section of the gully.

a original gully bottom; b = original gully cross sectiion;
¢ = 38pillway; d = crest of free board; e = excavation for key;
f

= @xcavation for apronj g = end sill,
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Figure 2. Upstream view of loose—rock check dam., Catchment basin of
dam has filled with sediment during the firat spring runoff
after construction, Rod is 1.7 m high,
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2,2 Hire-bound Loose Hock

A wire-bound check dam ie identical in shape to that of a loose-rock dam, but the
loose rock is enclosed in wire meah to reinforce the siruvcture. The flexibility 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 reat. Therefore, the same rock design criteria are
required for a wire~-bound dam as for a loose-rock structure,

The wire mesh should: (1) be resiatant to corrosien, (2) be of sufficient strength
to withstand the pressure exerted by flow and rocks, and {3) 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 leads.

2.3 Single Fence

Single~fence rock check dama (Figure 3} differ greatly in shape and requiremenis of
construction materials from the loose-rook and wire-bound dams. These siructures consisi
of a wire-mesh fence, fastened to eteel poeate and strung at right anglee across the gully,
and a loose-rock fill, piled from upeirsam against ithe fence. The rock fill can be constructed
at an angle steeper than that of rest for iwe reasons;

1. The impact of Flows will tend t¢ push the individual roock into the fill and
agerinat the dam.

2. Sediment depcsite will add stability tc the fill and will eventuwally cover it,

The deaign of this type of check dam should emphazize specificatione for the wire
mesh, and the setiing, spacing, and securing of the nteel posts. The wire mesh spacificationa
will be the same as those for the wire-bound dams,

The steel poets should be sufficiently strong to resist the preasure of the rock fill
and the flows. They must be driven into the gully bottom and side slopes to a depth that
insures their etability in saturated mcil, 1f it is impractical to drive posts to sufficient
depths, the stability of the posts shou.d be enhanced by guys. These guys should be anchored
to other posts thet will be covered and thus held in place by the rock fill.

In general, the fenceposis should not bz epaced more than
1.2 m to prevent excessive pouching (stretching) of the
wire mesh. Where conditions do rnot aliow thie spacing,

a maximum of 7.9 m can be used but the fence must be
reinforced by steel posts fastened horizontally between
the vertical posts.

Excesaive pouching of the wire mesh reduces the structural height and impaira the stability
ef the dam, Figure 4 shows a single-fence dam at time of finish of construction.

2.4 Double Pence

The double-fence rock check dam has iwo wire mesh fences, strung at a distance from
each other across the channel {Pigure 5). In this type of dam, & well graded supply of
rocka is esesential, otherwise the relative thinneass of the structure would permit rapid
throughflow, resulting in water jete, Double-fence dams should only be built if an
effective rock gradation can be cbtained.
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Figure 3. The construction plans for the single-fence rock check dam

A. B3ection of the dam parailel to the centreline of the gully.
B. Section of the dam at the cross section of the gully.

= original gully bottom; b = original gully cross sectionj
= gpillway; d = crest of free board; e = excavation for key;
= excavation for apron; g = end sill; h = eteel fencepost;

= guys; j = rebar, 13 mm in diameter.
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Figure 4., Looking acrosa a single-fence dam. Apron and gully bank
protection is to the left of dam orest.
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Figure 5. The consiruction plans for the double-fence rock check dam

A. Section of the dam parallel to the centreline of the gully.
B. Section of the dam at the cross section of the gully,

= original gully bottom; D = original gully ¢Toss gection ;

= epillway; d = crest of free board; e = excavation for key:

- 0w

= excavation for apron; & = end sill; h = steel fencepost ;

-

= rebar, 13 mm in diameter,
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In Colerade {3) parallel fences were spaced 0.6 m. Peak flows did not exceed 0.7 m3/a
and loads consisted mainly of finer material., Dame wers no taller ihan 1.8 m (Figure 6).
At many dam mites, maintenance and repaire were req.ired because excessive water jetting
through the structures caused bank damage. The percentage of emall rock sizes was too low,

When flows of large magnitude, say 2 cubic meires per second (m3/n), or gulliea on
gteep hillsides are encountered, the base of the double-fance dem should be wider than the
crest, This will add structural siability and increase ithe length of the flow through the
lower part of the dam,

2.5 (abion

A gabion check dam consists of prefabricated wire cages that are filled with loose
rock. Individual cages are placed beaide and onto each other to obtain the dam shape.
Normally, this dam is more esthetically pleasing, buit it is more coaily than loose=rock or
wire-bound rock check dame.

2,6 Head Cut Control

Head cuts can be stabilized by different types of structures, but all have tuwo
important requirements: (1) porosity in order to avoid excessive pressures and thus
eliminate the need for large, heavy structural foundations, and {2) some type of inverted
filter that leads the seepage gradually from smaller to the larger openinge in the struoture.
Otherwige, the eolils will be carried through the control, reaulting in erosion. An inverted
filter can be obtained if the head cut wall is sloughed to suoch an angle that material can
be placed in layers.of increasing particle size, from fine to coarse gand and on to fine and

coarse gravel. Good resulis may also be obtained by use of erosion cloth, a plastic sheet
available in two degrees of porosity.

If rock walls reinforced by wire mesh and steel posis are used, site preparation can
be minimized. LooBe rock can be an effective head cut control (3) if the flow through the
structure is controlled also. As in loose~rock check dams, the size, shape, and size
distribution of the rock are of special importance to the succees of the structure. The
wall of the head cui must be mloped back so the rock can be placed againat it.

If the toe of the rock fill should be eroded away, the fill would be lost. Therefore,
stabilization of this toe must be emphasized in the design. A loose-rock dam can be designed
to dissipate energy from the chuting flows, and to catoh sediment (Figure 7). Sediment
depositions will further stabilize the toe of the rock fill by encouraging vegetation during
periods with no or low channel flow.

3. GENERAL DESIGN CRITERIA

1.1 Loose Rock

Loose rock has preved to be a very suitable construction material if used correctly.
Often it ie found on the land and thus eliminates expendiiures for long heuls. Machine and/or
hand labour may be used. The quality, shape, size and size distribution of the rock used in
conatruction of a check dam affect the success and life span of the structure. Obviously,
rock thai disintegrates rapidly when exposed to water and atmosphere will hava a short
structural iife. Further, if only smail rocks are used in a dam, they may be moved by the
impact of the first large water flow, and the dam quickly destroyed. In contrast, s check
dam constructed of large rocks that leave large voids in the structure will offer resistance
to the flow, but may create water jeis through the voids. These jeis can be highly destructive
if directed toward openings in the bank protection work or other unprotected parts of the
channel. Large voids in check dama also prevent the accumulation of sediment above the
structures. In general, this accumulation 18 desirable because it increases the atability
of structures and enhances stabilization of the gully.




- 191 -

Figure 6. Upstream view of a double-fence dam, Note the bank
protection work. The apron is covered by water. Length
of rod is 1.7 m.
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Large voids will be avoided if the rock is well graded. Well-graded rock will permit
some flow through the siructure. The majority of the rock should be large enough to reaist
the flow.

3ince required size and gradation of rock depend on size of dam and magnitude of flow,
atrict rules for effective rock gradation cannot be given. The recommendations given below
are empirical values derived from gully treatments in the Colorado Rocky Mountains and should
be oveluated accordingly. The designer should use these values only as & bamis for his
declsion in his own ares. As a general rule, however, rock diameters should nol be less than
10 centimetres icmi and 25 percent of all rocks should fall into the 10 to 14 cm size class.
The upper size limit will be determined by the size of the dam; large dams can include
larger rock than small ones, Flat and round rock, such as river material, should be avoided,
Both typea slip out of a structure more easily than broken rocks, which anchor well with
each other. In general, large design peak flows will require larger rock sizes than amall
flows. As an example, assume that the designed total dam height ranges between 1 and 2
metres (m), wher: total height is measured from the bottom of the dum to the crest of the
free board. Type of dam is loose rock without reinforcement. Design peak flow ia eatimated

not to exceed 1 cubic metre per second (m3/s). Aan effective rock gradation would call for a
distribution of size classes as follows:

10 - 14 om, 25 percent
19 - 19 cm, 20 percent
20 - 30 cm, 2% percent
31 - 45 om, 30 percent

If on the other hand, dam height would be ino.:ased to 3 m, rock up o 1 m diameter,
congtituting 15 percent of the volume could be pleced into the basis of the dam and the
second 8ize class decressed by this portion; or if peak flow was eatimated not to exceed

0.75 m3/a, the 31-45 com size class could be eliminated and 55 percent ¢f the volume could
be in the 20-30 om class.

In ephemeral gullies, only in exceptional cases will meaningful flow information be
available that permits a realistic estimate of average velocitiea at the structural sites.
If so, a formulz developed by Isbach and quoted by Leliaveky (8), may be used to check the
suitability of the larger sizes as given by the gradation approach. The equation relates
the weight of rock (W) to the mean velocity of the flow (V) as follows:

W o= 2.44 x 1078

where ¥ is the weight of rock related to D65 of the rocks. D65 is the sieve size in the

material of which 65 percent are finer., This formuls states that 65 percent of the rocks

can be smaller and 15 percent larger ihan the calculated weight, As stated above, the
possible smallest size should have a diameier of 10 cm.

3.2 Spacing

The location of a check dam will bs determined primarily from the required spacing
of the structures, Reguiremenis for spacing depend on the gradienis of the sediment
deposita expected to accumulate above the dams, the effective heights of the dams, the
available funds, and the objective of the gully treatment, If, for instance, the objective
is to achieve the greatest possible deposition of sediment, then widely spaced, high dams
would be constructed., On the other hand, if the objective is mainly to stabilize the gully
gradient, then the spacing would be relatively close and the dams low.
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Figure 7. The conetruction plan of the Zally head cut control with a
loose-rock check dam. The section of the structures is
11lustrated parallel to the cenireline of the gully.

a = original gully bottom; b = excavated area of head cut wallj
¢ = apillway; d « crest of free board; o = axoavation for key;
f = excavation for apronj g = end sillj h = rock fill.
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In general, the most efficient and most economical spacing is obtained if a check
dam is placed at the upstream toe of the final sediment deposits of the next dam downstream.
This ideal spacing c¢an only be estimated, of course, to obtain guidelines for censtruction
plans.

Normally, objectives of gully contrel require spacinge of check dams great enough to
allow the full utilization of the sediment-holding capacity of the structures. To determine
this spacing requires definite knowledge of the relationship beiween the original gradient
of gully channels and that of sediment deposits above check dams placed in these gullies,
Thie ‘relationship has beén hypothesized by several authors. Others demonsirated that not
only the original channel gradient influences the deposition sleope, but alsc the width of
the channel at the structure and the height of crest of spillway above the original channel
“wittom, Relationships developed so far have been entirely empirical, and furiher research
.8 necessary to establish the theoretical baais.

In Colorado, earth dams were examined for guidance in determining the spacing of dams
+3). Data indicated that, in gullies of less than 20 percent gradient, ihe dams would not
interfere with sediment catch if their spacing was based on the expected alope of the deposita
being 0.7 of the original gully gradient. FPFor gully gradients exceeding 20 percent, expected
sediment deposits would have a gradient of 0.5 that of the gully. Heede and Mufich {6)
developed a formula to ease the calculation of spacing asm follows:

H
8 - = (1)

KG cos a

where S is the spacing, Hg is effective dam height as measured from gully boitom to epillway
crest, G repreasents the gully gradient as a ratio, a is the angle correaponding to the gully
gradient (G = tan a2}, and X is a constant. The equation is based on the assumption that

the gradient of the sediment deposita is {1-K}G. In the Colerado example, values for K
were as follows:

K = 0.3 for G £0.20 (2)
K = 0.5 for G.0.20 (3)

The generalized formula (1) can be used by the deaigner, after the applicable K value
has been determined for the treatment rrea, Works older than 10 years should be inspected
for this determination. Figure B illustrates the relationship between dam specing, height
and gully gradient., For a given gully, the required number of dame decreases with
increasing epacing or increasing effective dam height, and increases with increasing gully
gradient. An example for a 2 000 feet (509 m) gully segment is given in Figure 9.

3.3} Keys

Keying a check dam into the side slopes and bottom of the gully greatly enhances the
stability of the smiructure. Such keying is important in gullies where expected peak flow
is large, and vwhere soile are highly erosive {such a8 @oile with high sand content). Loose
rack check dams without keys were succesefully installed in soile derived from Pikes Peak
granite, but estimated peak flows did not exceed 0.2 m>/s, Heede (1).

The objective of extending the key into the gully side slopes is to prevent deetructiva
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 scouring and tunnelling arcund check dams because the route of seepage is
considerably lengthened. As voids in the key become plugged, the length of the seepage route
inecreases. Thie increase causes a decrsase in the flow velocity of the eeepage water and,
in turn, a decreasse of the erosion energy.
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The part of the key placed into the gully botiom is designed to safeguard the check
dam against undercutting at the downstiream side, Therefore, the base of the key, which
conetitutes the footing of tha dam, muet be designed to be below the surface of the apron,
This ia of particular importance for fence-type and impervious structures because of the
greater danger of ascouring at the fu~t of these dams. The water flowing over the spillway
forms a chute that creates a main criticel area of impact where the hydraulic jump astrikes
the gully bottom. This location is away from the structure., The sides of loose-rock and

wire-bound check dama slope onto the apron, on the other hand, and no freefall of water
occurs,

The design of the keys calls for a trench, vsually G.6 m deep and wide, dug across the
channel. Where exceesive instability is demonstrated by large amounts of locee materials
on the lower part of the channel side sloﬁea or by large cracks and fiesures in the bank
walls, the depth of the trench should be in-reased to 1.2 or 1,8 metres,

Dam construction starts with the filling of the key with loose rock. Then the dam
18 erected on the rock fill., Rock mize distribution in the keys should be waiched carefully.
If voide in the keys are large, velocities of flow within the key may lead to washouts of
the bank materials. Since the rock of the keys is embedded in the trench and therefore
cannot be easily moved, it is advantageous to use amaller materials, such as & mixture
with 80 percent smaller than 14 em,

304 Hei 1

The effective height of a check dam (Hg) is the elevation of the crest of the spillway

above the original gully bottom. The height not only influences structural spacing but
aleo volume of sediment deposits,

Heede and Mufich (6) developed a formula that relates the volume of sediment deposits
1o apacing and effective height of dam:

Vg = 1/2H; S cosa Ly (4)

where V3 is the sediment volume, S represents the spacing, and lyg ia the average langth
of dam, coneidered for effective dam height and calculated by the equation:

Wy

lyg = Ly + 3D E (5)

where Ly is the bottom width and Ly the bank width of the gully, measured from brink to
brink, and D is the depth of the gully, If S in equation f:) is substituted, then

2

H

B 6
Vs " "6 4E (6)

where the constant K has the values found to be applioable to the ireatment area. Equation
{6) indicates that aediment deposits increase as the square of effective dam height. This
ia illustrated in Figure 10.
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Figure 9. Number of dame required in gullies, 600 m long and with
different gradients, as a function of effective dam height.
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For practical purpozes, based on the sediment deposit model, the sediment curve in
Figure 10 is valid for treatments in gullies with identiccal ¢ross sections and gradients
ranging from 1 to 30 percent. At this range, the difference is 4.5 percent with smaller
deposits on the steeper gradients, a negligible fraction in such estimates, The volume of
deposits, compared with that on a 1 percent gradient, decreases by 10 percent on a gradient
of 45 percent, if the cross sections are constant. Magnitudes of croas aections, of course,
exert strong influences o.: sediment depogition.

In moet cases, dam height will be restricted by one or all of the following criteria:
(1) costs, (2} stability and (3) channel geometry in relation to spillway requirements.
Cost relations between different types of rock check dams will be discussed later.
Stability of impervious check dams should bte calculated where life and/or property would be
endangered by failure. Heede {2) presented an example for these calculations which can be
easily followed. Pervious dams such as rock check dams cannot be easily analysed for
stability because of unlnowns such as the porosity of a siructure,

Severely tested check dams in Colorado {3) had maximum heighte as follows: loose—
rock and wire-bound dams, 2,2 m, and fence-type dams (thickness of 0.6 m) 1.8 m.

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

3.% 3pillway

3ince spillways of rock check dams may be considered broad-crested weirs, the
diecharge formula for that type of weir is applicable:

3/2

Q - ClH (7

where = discharge in m3/13

Q

C = coefficient of the weir

L = effective length of the weir in m, and
H

= head of flow above the welr crest in m

The value of C variea, The exact value depends cn the roughness as well ae the breath
and shape of the weir and the depth of flow, Since in rock check dams, breadth of weir
changes within a siructure from one spillway side to the other, and shape ad roughnees of
the rocks lining the spiliway also change, C wov'd have to be determined experimentally for
each dam. This, of course, ia not practical and it is recommended, therefore, to use a mean
value of 1.65, This value appears reasonable in the light of other inaccuracies that are
introduced in calculating the desigh storm and ite expected peak flow. For this reason
nlaa, the discharge calculations would not be significantly improved if they were corrpcted
for velocity of approach existing above a dam. Such a correction would amount to an eage
of 5 percent of the calculated discharge at a head of {low of 0.6 m over a dam 0.75 m high,
or 8 percent if the flow had a 0.9 m head. -

Most gullies have either 4rapezeoidal, rectangular, or V-shaped oross sectione. Heeds
end Mufich (7) developed formulas for the calculation of spillway dimensions for check dams
placed into differently shaped gulliea., In trapezoidal gullies, the formula for length of -
sapillway can be adjusted to prevent the water overfall from hitiing the gully side alopes,
thue eliminating the need for extensive bank protection, In V-shnpod gullies this is not
possible, generally. In rectangular ones, adjuatment of the formula ie not required because
the free-board requirementi prevents the water falling directly on the banka, One formula was
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function of effective dam height. The sediment deposii ratio
reletes the volume of sediment deposits to the volume of sediment
depoaits at effective dam height of 0.3 m. Thus, deposiis in &
treatment with 1.2 m dams are more than seven times larger than
those caught bty 0.3 m dams,
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established, therefore, for V-shaped and rectangulavr gillies as follown:

H @ /3 (8)
s5v T\ ==~
CLAS

where Hiv 3o spillway depth, the constant C is taken as 1.65, and LAS' the effective length
of spillway, was derived from the equation

(9)

in which f iz a constant, referring t¢ the lengith of the free board. In gullies with a
depth of 1,5 m or less, the f value should not be less than 0.3 m; in gullies deeper than
1.5 m, the minimum value should at least be 0,6 m,

For struciural gully control, design storme should be of 25 yeare magnitude, and, as
a minimum spillways should accommodate the expected peak flow form such a storm. 1In
mountainous watersheds, however, where foresis and brushlands often contribute large amounts
»f debris to the flow, the size and the shape of spillways should be determined by this
expected organic material, As a result, required spillway sizes will be much larger than
if the flow could be considered alone, Spillways deaigned with great lengths relative to
their depths are very important here. Yeti, spillway length can be extended only within
limits because a sufficient contiraction of the flow over the spillway is needed to form
larger depths of flows to float larger loads over the crest. The obstruction of a

spillway by debri: is undeeirable since it may cause the flow to overtop the free board of
the check dam and lead to its destruction.

The characteristics of the mides of a spillway are also important for the release of
debris over the structure, Spillways with perpendicular sides will retain debris much
eagier than those with eloping sides; in other wordes trapezoidal cross sections are
preferable to rectangular ones. A trapezoidal shape introduces ancther benefit by increasing
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 ztructure. WNommally, it is desirable to design
spillways with a length not greater than the available gully boitom width ao that the
waterfall from the dam will Btrike wne gully bottom. There, due to the atilling-basin effects
of the Jlam apron, the turbulence of the flow ies better controlled than if the water first
strikes against the banks. 3plashing of water againat the channel side slopes should be
kept at a minimum to prevent new erosion. Generally, spillway length will exceed gully
bottom width in gullies with V-shaped crose sections, or where large flows of water and
debris are expected relative to the available boitom width. In such cases, intensive
protection of the gully side slopes below the structures is required.

Equation (9) includes a safety margin, because the effective length of the spillway
18 calculated with reference to the width of the gully at the elevation of the apillway
bottom, inetead of that at half the depth of the spillway, At apillway bottom elevation,
gullies are generally narrower than at the location of the effective spillway length.

lhis results in somewhat amaller spillway lengtha, which will benefit the fit of the
spillway into the dam and the gully.

If the apillway sides are sloped 131, it follows that in V-shaped and rectangulsr
zullies, the bottom length of the spillway (Lmv) ia derived from the equation

bpsy = las = gy (10)
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Figure 11. Required volumes of angular rock for four different dam types
as a function of effective dam height, The rock volume ratio
relates the rock volume to that of a loose-rock dam 0.3 m
high.
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and the length beiween the brinks of the spillway (LUSV) is given by the equation

Lgy = Iy + Hyy (1

in trapezoidal gulliea, the effective length of the spillway equals the hottom width
of the gully., From the discharge formula for broad-crested weirs, it follows that the depth
of spillway (HS) in these gullies is given by the equation

H, = Q 2/3 v12)
iy

in which the coefficient of the weir (C) is taken as 1,65,

Lengths at the boittom (LBSj end between the brinks of the spillway (LUS) are calculate
by the equationse

s = Ly - K (12
and ls = Lp + K (14)

respectively,
3.6 Apron

Aprons must be installed on the gully bottom and protective worke on the gully side

slopes below the check dams, otherwise flows may easily undercut the siructures from down-
stream and destroy them.

Without field and laboratory investigations on prototypes, apron length below a loose-
rock check dam cannot be calculated. Different structures may have different roughness
coefficients of the dam side slope that forms a chute to the flow if tailwater depth is

low, Differences in rock gradation may be mainly responsible for the different roughness
values.

The design procedures for the loose rock aprons were, therefore, simplified and a rule
of thumb adopted: the length 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
wag steeper than 15 percent, The resulting apron lengthe included a sufficient margin of
safety to prevent the waterfall from hitting the unprotected gully bottom, The design
provided for embedding the apron into the channel floor so that its surface would be roughly
level and about 0.15 m below the original botiom elevation.

In contrast, for straight-drop structures such as dams built from steel sheets or
fence-type dams, apron length can be calculated if gully flows are known. In such a case,
the trajectory of the nappe can be computed as follows:

(15)
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Figure 13, Upstream view of construction site of wire~bound dam. Note
that key and apron excavations were filled with rock before
wire mesh was placed on the bed and banks, The site is
prepared for the construction of the dam proper.
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Figure 14. Parallel fences for double—fence dam are being installed.
Note the excavations for key, apron, and bank protection,
bath of the latter to right of the stiructure.
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in which x and z are the horizontal and vertical coordinates of a point on the trajectory
referred to the midpoint of the spillway as the origin, and g is the aoceleration due to
gravity, taken as 9.81 m/s?, Thus, if V, is substiiuted for V,, the critical velooity at
dam crest, and z is the effective dam height, x will yield the distance from the atructure
at which the waterfall will hit the apron. Depending on magnitude of flow, one or several
metres should be added to this distance.

For calculating critical depth and eritical velocity over a check dam, the procedurs
can be used ag followa: +the critical depth formula ia

v 2 Y

[»] - c (16)
28 2

where V. is the critical velocity. Y, is the critical depth. The continuity equation for
open channel flow is

q = AV (17)

vwhere g is the flow rate of unit width of flow, A is the cross section of flow and V
represenis the average velocity in the cross section. g is derived from the estimated rate
of flow (Q) by dividing (Q) by (Lag), the effective lengih of apillway. Since g refers to
unit width of flow, A can be substituted by Y_ and equation (17) becomes

Vo = ; (18)
c

If V_ in equation (16) is substituted by (18),

< . oy 3 (19)

By placing the value of Y  into equation (18), the critical velocity (?c) can be obtained.

At the downsatream end of the apron, a loose rock sill should be built 0.15 m high,
measured from channel bottom clevation to the crest of the aill. Thie end sill cresates a
pool in which the water will cushion 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 hydranlic jump
of the water hits the gully botiom. These vertical ground rollers of the flow rotate
upstream, and where they strike the gully floor, scouring takes place, Thus, if the hydraulic
Jump is clese to the apron, the ground roller may underwine the apron and destroy it. The
end 811} will shift the hydrauli¢ jump fariher downstream, and with it the dangerous ground
roller. The higher the end 8ill, the farther downsiream the jump will occur, Since data on

sediment and flow are not usually available, & uniform height of sill may be used for all
structures,

Ephemeral gullies carry frequent flows of amall magnitudes, Therefore, it is advisable
not to raise the crest of the end sills more than 0,15 to 0.25 m above the gully bottom.
End sills, if nol submerged by the water, are dams and create waterfalls that may scour the
ground below the sill., &t higher flows, some tailwater usually exisis below a sill and
ocuphions o some extent the impact from the waterfall over the sili.

Where the downstream nature of the gully is such thai appreciable depth of tailwater
is expected, the installation of end sills is noi critieally important, The hydraulic jump
will atrike the water surface and ground rollers will be weak.
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where LB is the length of dam at the bottom, Ly, represenis the length of dam measured at
free board elevation, and D i the depth of the gully. VSP is calculated by the equation

Vsp = B T Ly = By (22)

where Hy is the depth and L,g is the effective length of the spillway, and B, is the breadth
of the dam, measured at half the depth of the spillway and derived from the formule

B, = s + 0.3 (23)
0.70711 tan Ay

vhere 0,70711 is ihe s8ine of 450, and 0.3 is a constant derived from a breadth of dam of
0.6 n.

Angular rook is preferable to round rock because less is required, and it enhancen
dam stability,

The equation for volumes of loose-rock and wire-bound loose-rock dams (20) was
simplified by assuming a zero gully gradient, This assumption results in an undereatimate
of volumes in gulliee with steep gradiente. To offset this underestimate on gradienta
larger than 195 percent, 10 percent should be added to the calculated volume.

If the design peak flow is larger than 0.3 m3/s, all types of check dams must be
keyed into the gully banks and bottom. Under varied conditions in Colorade, it was found
that a bottom key of 0.6 m depth and width was sufficient for check dams up to 2 m high.

A width of 0.6 m was also adequate for the bank keys. The depth of the keys, however, must
be adjusted according to characteristics of the soils. Thus, the equation for the wvolume
of the key is generalized as follows:

Ve = (L, + 28) (0.6 + 0.36) — L, 0.6H, (24)

where R represents ihe depth of key and 0.6 and 0.36 are constants in metre units, referring
to depth and width of bottom key and width of bank key, respectively.

In the construction plan, the volume V., should be kept separate from that of the dam
proper because, pgenerally, a finer rock gradation is required for the keys.

Apron and bank protection below the structure are always required at check dams. The
equation developed for the volume calculations is:

v, = ol + an’ (25)

in which v, is the rock volume of the apron and bank protection, and ¢ and 4 are consianis
whose values depend on gully gradient. For gradients £ 15 percent, ¢ = 1.5 and d = 3.0; for
gradients > 15 percent, ¢ = 1,75 and d = 3,5

The *otal rock volume required for a loose-rock dam with keys is the Bum of equations
(20), (24), and (25).

Besides rock, wire mesh and steel fenceposts are used in most of the dame, If dam
height is equal to or larger than 1.2 m, reinforcement of the bank protection work by wire
mesh and fenceposts will generally be required. The equation for amount of wire mesh and
number of posts includes a margin of safety to offset unforseen additional needs, To assist
in construction, dimensions of the mesh are given in lengih and width., The length measured
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3.7 Bank Protection

Investigations have shown (1) that check dams may be destroyed if flows scour
the gully side slopes below the structuresa and produce a gap between the dam and the bank.
Since water below a check dam ie turbulent, eddies develop that flow upetream along each
gully side slope. These eddies are the cutting forces,

Several types of material are suitable for bank protection. Loose rock ie effective,
but should be reinforced with wire-meah fence, secured to steel posts, on all slopes steeper
than 1,25 to 1.00. The design should provide for excavation of the mside slopes io a depth
of about 0.3 m s¢ that the rock can be placed flush with the surrounding side slope surface
1o increase stabilitiy of ihe protection. Excavatiocn of surface materiala 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 proteciion depends on the characteristice of channel, flow,
and structure, Where gullies have wide bottome and spillways are deaigned to shaed the
water only on the channel floor, the height shall equal total dam height at the structure
but can rapidly decrease with distance from the structure, In contrast, whers the waterfall
from a check dam will strike againat the gully banks, the height of the bank protection

ghall not decrease with distance from dam to prevent the water from splashing againat
unprotected banks,

In gullies with V-shaped cross sections, the height of the bank protection should dbe
equal to the elevation of the upper edges of the free boards of the dam. In general, the
height of the bank protection ecan decreane with increasing distance from the dam,

4. EQUATIONS FOR VOLUME CALCULATIONS

After the dam locations have been determined in the field, based on spacing requirements
end suitability of the site for a dam, gully cross sections at these locations should be
aurveyed and plotted. If possible, use the computer program developed by Heede and Mufich
(7) to design the dams, Otherwise the dams must be designed from the plotted gully cross

gsectiona, Structural and gully dimensions can be used in equations developed by the above
suthors,

4.1 Loose-rock and Wire-bound Dams

The volume equation for the dam proper of loose-rock and wire-bound dams considers
either angular or round rock, because the angle of repose varies with rock shape and
influence the side slopes of the dam. The generalized equation is

Z
" 6 HL, -V, (20)
¥ T e+ Q. -V,
LR tan A A SP

R

where Vig is the volume of the dam proper, Hp represents dam height, 0.6 is a constant that
refers to the breadth of dam, Ly is the average length of the dam, tan AR is the tangent of
the angle of repose of the rock type, and Vgp is the volume of the spillway. 1t is assumed
that the angle of repose for angular rock is represented by a 8lope of 1.25:1,00, correspond-
ing to a tangent of 0.8002; for round rock, the slope is 1,50:1,00 with a tangent of 0.6590.
LA ig given by the equation

_ U B
Ly = Ly + 2 Hy (21)
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along the thalweg is

where Myp is the length of the wire mesh for the bank protection, and 3.50 is a constant.
The width of the wire meah, measured from the apron to the top of the bank proteciion at
the dam, equals total dam height.

The number of fencepostis is calculated by the equation

Ny = M+ 2 (27)

where N, is the number of fenceposts for the bank protectlion, rounded up to a whole even
number, and 2 and 3 are constants, the latier derived from a 1,2 m spacing. Of the total

number of posts, half should be 0,75 m taller than the dam; the other half are of dam
height.

For wire-bound dams, the length of the wire mesh is taken as that of the dam crest,
which includes a safety margin and is calculated by the equation

woenp L, (22)

where M; is the length of the wire mesh. The width of the mesh, measured parallel to the

thalweg, depends not only on dam height but also on rock shape. The equation for the width
of the wire mesh i=

wo. _od o, P, (29)
tan AR ain AR

where My is the widih and Ap the angle of repose of the rock, For angular rock, this
angle is assuged to be 38740', corresponding to a dam side slope of 1.25:1.00, and for

round Tock 33 25', representing a slope of 1.50:1.00. The term )} ie a constant; in metre
units. Bquation (29) provides for an overlapping of the mesh by 1.8 m,

4.2 Single-fence Dams

A zero gully gradieni was ageumed for caloulating rock volume for the dam proper of
single~fence dams. This reeults in overestimates that compensate for eimplification of the
aquation for volume calculation, If the construction plan calls for a dam with-a Ce6 m
breadth, for ease of caleulation, the cross section of the dam parallel to the thalweg is
taken as & right triangle with a dam side elope of 1.25:1,00 in the equation

H 2

V. a D L, -V 10
SF S5 80035 A~ SSF (30)

where Vgp ie the rock volume of the dam proper, 2 ie a constant, and 0.80020 represents the

tangent of a slope of 1.25:1.00. Vggp is the volume of the spillwey, calculatsd by the
equation

Vosp = H5 X lyg X Byp (31)
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where Bop i the breadth of the dam, measured at half the depth of the spillway and given
by the formula

BS - HS

2(0.80020) (32)

The length of wire wesh for a single-fence dam is given by equation {28), while the
width equals dam height, The number of fenceposts is calculated by the equation

N LB LU - LB H

SF 1.2 1.2D

p* 1 (33)

where Ngp is the number of posts of the dam proper of a single~fence dam, rounded up %o a
whole number; 1.2 signifies a distance of 1.2 m between the posts; and 1 is a constant.

Of ihe total number of posts, half are 0.75 m taller than the dam; the other half are dam
heiglt .

4.3 Double~fence Damsg

The equation for rock volume of a double-fence dam with vertical fences, 0.& m apart,
is:

Vop = OW6HpL, - Voo (34}

where Vpp i8 the volume, 0.6 is a constant, and gSDF is the volume of the aspillway,
computed by the formula

VSDF = HS X LAS X 0.6 (35)
where 0.6 represents the standard breadth of the dam, in metres.
The length of wire mesh is given by
L. =
u " g 6
Mp = 2Ly + — 2 (36)

where My is the length of the mesh. The width of the wire mesh equals dam height. The
number of fencepoats is computed by the equation

. by, -y

DF 1.2 1.2D

Hy + 2 ' (37)

where Npp is the number of posts of the dam proper of a double-fence dam, rounded up to a
whole even number, and 1.2 is a constant representing a post spacing of 1.2 m, Half of the
poate are dam height, while the other half are 0,75 m taller than the dam.

4.4 Head Cut Control

The volume requirements for a head cut control structure are given by the equation

V.. = p° by * g (38)
HC 2(0.33333) 4
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where V. is the rock volume, D is the depth of gully at the head cut, 0.33333 is the tangent
of the angle that refers to a structure with a slope gradient of 3:%, 2, 3 and 4 =re constants.
1f a slope gradient different from 3:1 im selecied, the value of the tangent in the equation
should be changed tc correspond te that gradient,

4.5 Rock Volume Relations among Dam Types

In the Colorade project, rock volumes required for the varicus types of check dams
were expressed graphically (Figure 11), If this graph ie used for decision-making, it must
be recognized that double-fence dams had parallel faces 0.6 apart. Where double—fence
structures with bases wider than the breadth of dam are required, rock volume requirements
will be larger. The graph shows that a loose-rock or wire-bound dam with effective height
of 2 m requires 5.5 times more rock than a double-fence dam,

5e CONSTPUCTLON PROCEDURES

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

1. Mark the centreline of the dam and the key trenches, respectively, on esach bank.
Set the stakes away from the gully edge to protect them duricg construction.

2. Designate the crest of the spillway by a temporary bench-mark in the gully aide
g#lope sufficiently close to be of value for the installation of the dam,

3. Mark the downstream end of the apron,

4. For locee-~rock and wire-bound dams, flag the upstream and downeiream toes of the
dam proper.

Caution is required during excavation to avoid destroying the stakea before the main
work of installation begina,

The conBtruction of all dame should etart with ihe excavation for the siructural key
{ Figure 12), the apron, and ithe bank protection. This very important work can be performed

by a backhoe or hand labour. Vegetation and loose material should be cleaned from the aite
at the same time.

Generally, the trenches for the structural keys will have a width of 0.6 m therefore
an 0,5 m wide bucket can be used on the backhoe. If the conatruction plan calls for motorized
equipment, two types of backhoes can be used. One, mounted on a rubber-~wheeled vehicle eand
operating from a turntable, permits the backhoe to rotate 360 . This machine travela
rapidly between locations where the ground surfaces are not rough, and works very efficlently
in gullies whoee side slopes and bottoms can be excavated from one or both chennel banks.
The other type can be attached to a crawler tractor. Thie type proves to be advantageous
at gullies that are difficult to reach, and with widtha and depthe eo large that the backhoe
has to descend into the channel ito excavate, In deep gullies with V-shaped cross sections,

temporary benches on the side slopes may be necessary. O0Often, the bench can be conetrucied
by a tractor with blade before the backhoe arrives,

The excavation 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 labour,
During dumping operations, the fill must be checked for voids, which should be eliminated,

I1f dump trucks are loaded by a bucket loader, some s0il may be scooped up aleng with ithe
rock. Soil ie undeasirable in a rock stiructure because of the danger of washouts. To avoid soil
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addifions, a bucket with a grilled boiiom can be used that can be shaken before the truck
is loaded. Other devices such as a grilled leading chute would alsc be applicable,

Dumping rock into the dam proper has iwo advantages: the stiructure will atiain
greater density and rocks will be closer to their angle of repose than if placed by hand,
Hand iabour can never be completely avoided, however, since larger voids and the final dam
shape regquire hand placement, Where gullies are deep and dumping is impractical, rock
chutes may be used, Certainly, more sophisticated equipmeni such as a clamehell can
facilitate the filling operations, especially at double-fence dams, Often, however, gully
control projects are planned te employ people in larger numbera. This objective can easily
be accomplished if sufficient supervision is available for the individual steps in the
construction. Special attention is needed at the spillway and free board. In loese-rock
and wire-bound structures, where the shape of the dam is not outlined by a fence as in the
other types, experience shows there is a tendency to conatruct the spillwsys smaller than
designed.

In wire-bound dams, a commercial, galvanized stock fence, usually about 1.2 m wide
can be used. The stay and line wires should not be less than 124 gauge low-carbon steel,
the top and boltom wirea 10 gauge low-carbon steel, and the openings in the mesh C.15 m,
To connect ends of the fence or to attach the fence to steel posts, a galvanized 12} gauge
coil wire is sufficiently strong.

The wire mesh of required length and width ehould be placed over the gully bettom and
gide slopes after the trench and apron have been filled with rock (Figure 13). Generally,
several widtha of mesh will be needed to cover ihe surface from bank to bank. If several
widthe of fence material are required, they should be wired together with coil wire where
they will be covered with rocka. The paris not to be covered should be left unattached to
faciliftate {he 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 lying on
the gully side slopes will be pushed intc 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 mround the struecture,
Fence Biretchers should be applied to pull the upstream ends of the fence material down
tightly over the downsiream 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 consiruction of the
fences after excavation is completed (Figure 14)., Censtruction drawings should be followed
closely here, because the final shape of the dams will be determined by the fences, Conven-
tional msteel fence posts caas be used, In Bome locations, the great height of posts may
offer difficultiem for the operator of the driving egquipment, and scaffolds should be
improvised.

At single-fence dams, dumping of rock is practical if the gully is not excesaively
deep or wide., At double-fence siructures, hand labour, or a backhoe or clamshell, will be
required. The rock should be placed in Jayers 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 realistic equipment plan
is established beforehand. Such a plan requires an intimate knowledge of the croms-sectional
dimensions of the gullies and iheir acceseibility to motorized equipmeni. The amount of
pioneer roads that will be needed because of lack of access is not only imporiant for equipment
congiderations, but will also enter into the coat of the construction.
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If equipment ie to be used, as a general rule (in the Colorado context at least),it
appears to be advantageous to use heavier and larger machines if their mobility is adeguate.

Although_?ourly costa for heavier machines are usually greater, the total cost for a job is
reduced.)

With few exceptions, conventional constiruction equipment is not sufficiently mobile
{10 operate in rough topography without pioneer roads, In watersired rehabilitation projects
such a8 gully control, roads are undesirable because any road construction disturbe the
ground surface and may lead to new erogion. It is therefore desirable to consider crawler-
type equipment only,

Limited mobility of the machinery may resuit from one or all of ithe following faciors:
(1) insufficient engine power, (2) large total weight of the machinery, or (3) mounting of
the equipment on rubber wheels, A4 good example is the backhoe. If a crawler-iype backhose
with a powerful engine is used, the equipment may be so heavy that it cannot c¢limb elopes
steeper than 20 percent. If a lighter crawler~type backhoe is used, the engine may lack
the power for unlimited operations in rough topography, and pioneer roade will be needed.

6 COS8T RELATIONS

Relationships beiween the installation costs of the four different types of rock
check dams described here are based on research in Colorado. The relationships are
expressed by ratios (Figure 15) to avoid specific monetary unit comparisons, When
considering the cost ratio, one must keep in mind that differentiial inflation may have
offget some finer differences in cost. It is advisable, therefore, to test the cost of
individual structures by using material and volume reguirements as given by the equationa.
The cost ratios in Figure 15 can then be adjusted, if necessary.

In a given gully, for example, a double-fence dam with an effective height of 1.8 m
cosis only about four timees as much s8 a 0,3 m loose-rock dam, while a wire-bound dam 1.8 m
high coste 8.5 times as much as a 0.3 m loose.rock dam. Costs will change with differeni
sizes and gradients of gullies, but the general relationshipa will not change.

It is obvious that the cost of installing a complete gully treatment increases with
gully gradient because the required number of dams increases, Figure 16 indicates there
is one effective dam height at which the coast is lowest. In the sample gully, this
optimum height for loose-rock dams is about 0,6 m, for single-fence dams 0.7 m, and for
double-fence dams 1.1 m. A constant gully oross section was assumed. In reality, of
course, gully cross eection® change between dam sites usually. The optimum height for
loweat treatment costs is noi a constant, but changes between gullies, depending on shape
and magnitude of the gully cross sections at the dam sites.

Since the cost of the dam is directly proporticnate to the rock volume, Figure 16
also expresses the relationship between rock requirement and effective dam height. This

means that, in a given gully, there im one dem height at which rock reguirements for a
treatment are smallest.

1/ Editor's note: There are obviously a number of countries where labour~intensive
projects are desirable or where machines are either not available or too expensive
(compared to a labour-intensive approach), The author'a findings vis-A-vie economiocs

of machinen musti of course be judged in terms of the readers' particular needs and
objectives,
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A treatment cannot be evaluated on the basis of coat of installation alone, because
recognition of benefits is part of the decieion-making process. Sediment depceits ratained
by check dams can be incorporated into a cost ratic that brings one tangible benefit into
perspective. The sediment-cost ratio increases (treatment is incressingly beneficial) with
dam height and decreases with increasing gradient (Figure 17). The example in Figure 17
ghows that a treatment consisting of looge-rock dams on a 2 percent gradient has a sediment-
cost ratio larger than 1.0 for effective dam heighis of 0.75 m and above. The large ratio
is explained by the fact that a gully with a 2 percent gradieni requires only a small number
of dams (Figure 9), while volumes of sediment depos@its do not decrease significantly with
pumber of dams or with gradient.

Since single-fence and double-fence dame cost less than loose-rock and wire-bound
loose—rock dams for an effective height greater than 0,3 m, the sediment-cost ratio is more
favourable for the fence—type structures., The ratios remain smaller than 1.0 on all gradienis
larger than 5 percent for treatments with loose-rock and wire-bound loose~rock dams, and on

gradients larger than 7 and 9 percent for ireatments with single-fence and double-fence dams,
respectively.

The importance of sediment-cost ratios in relation to gully gradient and effective dam
height becomes apparent in aituations where noi all gullies of a watershed can be ireated,

Gullies with the smalleat gradient and largest depth, and highest posaible fence-~type dems
should be chosen if other aspects such as accesa or esthetic value are not dominant,

Te OTHER GULLY CONTROL STRUCTURES AND SYSTEMS

Tel Non-porous Check Dams

Rock can be used for the construction of wet mesonry dsma, Limitations in available
masonry 8kills, however, may not permii this approach. A prefabricated concrete dam was
deaigned and a prototype installed in Colorado (2) that required very little time and no
apecial skills for inestallation. The capital investment for this dam is larger than for a
rock structure, however., A prestiressed concrete manufacturer musti be available reasonably
close to the project area, and the construction sitea must be accessible to motorized
equipment. Where esthatic c¢onsiderations and land valuee are high - reocreational eites and
parks, for example — 8 presiressed, prefabricated concrete check dam may be the answer.

Check dams built from corrugated steel sheet may aleo be used. For succeesful
application, a pile driver is required to assure proper fit of the sheete. Exocavating
trenches for the sheeis jeopardizes dam stability if the refill is not compacted sufficiently.
Quite often, insufficient depth of soil above the bedrock does not psrmit this dam type.

7.2 Earth Check Dams

Earth check dame should be used in gully control only in exceptional cases., Basically,
it was the failure of the construction material, soil, that in combination with concentrated
surface runoff, caused the gully., Gullies with very litile flow may be an exception if the
emergency 8pillway safely releases the flowon to the land outside of the gully. The released
flow should not concentrate, but should spread out on an area stabilized by an effective
vegatation cover or “y some other type of protection such as a gravel field., Most gullied
walersheds do not support areas for safe water discharge.

3tand.-pipes or culveris in earth check dams generally create problems, because c¢f the
danger of clogging the pipe or culvert inlet, and the difficulty in estimating the possible
largest etorm for the design period. Therefore, additional spillways are required,
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If seil is the only dam material available, additional watershed restoration measures
such as vegeiation cover improvement work and contour irenches should be installed to improve
goil infiltration rates, to enhance water retention and storage, and thus decreese magnitude
and pesak of gully flowm.

Te3 Vegetation-lined Waterways

With the exception of earth check dams, gully conirol measures described previously
ireat the flow wheres it is -« in the gully, In contrast, treatments by waterways take the
water out of the gully by changing the itcpography. Check dams and waterways both modify
the regimen of the flow by decreasing the erosive forces of the flow to a level that permits
vegetation to grow. In waterways, however, flow is modified compared with the original
gully, in two wayas (Heede 1968): (i) lengthening the watercourse results in a gentler bed
gradient; and (ii)} widening the cross section of flow provides very gentle channel side
slopes. This latter measure leads to shallow filows with a large weited perimeier (increase

in roughnesa parameter), Both measures substantially decrease flow velocities, which in
tum decrease the erosive forces.

Contrasted with cheok dam control, waterway projects sirive to establish a vegetation
ocover when land reshaping ia finished. Indeed, a guick establishment of an effective
vegetation lining is the key to succesaful waterwaya, It follows that the prime requisites
Tor a succesaful application are precipitation, temperature, and fertility of eoils, all
favourable to plant growth. Other requisites are:

1) Size of gully should not be larger than the available fill volumes;

2) Width of valley bottom must be sufficient for the placement of a waterway with
granter length than that of the gully;

3) Depth of eoil mantle adequate to permit mhaping of the topography; and
4) Depth of topsoil sufficient to permit later spreading on all disturbed aress,

Vegetation-lined waterways require exact designs, cloee consiruction supervieion, and
fraquent inmpections during the first treatment years. The risk, inhereni ic nearly all
types of erceion controi work, ie greatsr for waterways at the beginuing of treatment than
for chéck dam eystems. To offset this risk, in Colorado, 19 perceut of the original ocost
of installation wes expanded for maintenance, while for the same periocd of time only 4
percent was required at check dams (5).

Eight percent less funds were expanded per linear metra of gully for conetruction and
maintenance of graseed waterways than for check dams. This coat difference is not significant,
especially not i the greater invojlvement in waterway maintenance is recognized, In deciding
on the type of gully control, one should consider not only construction coste but also risk
of and prerequisites for vegetation-—lined waterways.

8. SUMMARY OF DESIGN CRITERIA AND RECOMMENDATIONS

Spacing decreases with increasing gully gradient and increases with effective dam
height {Figure 8), Number of check dams increases with gully gradient and decreases with
inoreasing effective dam height (Figure 9). RExpected volumes of sediment deposite increase
with effective height (Figure 10),

For praotical purposes, gully gradienta ranging from ! to 30 percent do not influenoe
volumes of sediment deposite in a treatment. On gradients larger than 30 percent, sediment
oateh decresses more distinotly with inoreasing gradient,




Rock volume Teguiremenis are much larger for locse-rock and wire-bound loose-rock
dams than for fence-type dama. At effective dam heighta larger than 0.6 m, treatmente with
doubie-fence dams require smallest amounts of rock (Figure 11).

At effective dam heights larger than about 0.5 m, loose~rock and wire-bound loocee-
rock dams are more expensive than fence-type dams. The difference in cost increases with
height (Figure 15). 3Single~fence dams are less expeneive than double~fence dams ai
effective heights up to 1.0 metre,

Regardlees of gradient, in a given gully, there is one effective dam height for
each type of structure at which the cost of treatment is lowest (Figure 16). For each type
af treatment, rock requiremenis are smallest st the opiimum effective dam heights for least
costa {Figure 16), The sediment—cost ratio (the vzlue of expected sediment deposite
divided by the cost of treatment) increases with effective dam heighi and decreases with
increasing gully gradient (Figure 17). At effective dam heights of mbout 0.6 m and larger,
single-fence dams have a more pronounced beneficial sediment-cost ratio than loose-rock or
wire-bound loose-rock dams. At effective dam heights of 1.1 m and larger, treatments with
double-fence dams have the largest sediment-cost ratios (Figure 17).
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1957 and Hall Ltd., London. 864 p.
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10. SYMBOLS USED IN THIS PAPER

a = +the angle corresponding to the gully gradient,
Ap = +the angle ot repose of rock.
BA = the breadth of loose rock or wire-bound loose-rock dams, measured at one-half

of the depth of spillway.

BSF = the breadth of single—fence dams, measured at one-half of the depth of spillway.

C = the diecharge coefficient, taken as 1.,65.
c = a constant whose value changes with groups of gully gradients.
D = the depth of gully.

D65 = the sieve size in the rock of which 65 percent are finer,
d = a constant whose value changes with groups of gully gradients,

f = a constant whose value changee with groups of gully gradients,

4]

= ‘the gully gradient in percent.

i ]
]

the acceleration due to gravity, taken as 9.81 m/sz.

m
]

the head of flow above weir crest.

= the total height of dam.

HE = the effective height of dam, the elevation of the creat of the apillway above
the original gully bottom.

= the depth of spillway of a dam inetalled in a rectangular or itrapszoidal gully.
= the depth of spillway for a dam installed in a V-shaped gully.

= a constant, referring to the expectied sediment gradient,

4 the effective length of the weir,

= the average length of dam.

By

K

L

La

Lo = the effective length of spillway.
LB = the bottom length of the gully.

= the bottom length of the spillway of a dam insitalled in a rectangular or
trapezoidal gully.

LBSV = the bottom length of the spillway of a dam installed in a V-shaped gully.

LHE = the average length of dam,
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LU =  the width of the gully between the gully brinks.

L = the length between the brinks of the spillway of a dam installed in a
= rectangular or trapezoidal gully.

LUSV = the length between the brinks of the spillway of a dam insialled in a V-shaped

gl.lll\y-

ML = the length of the wire mesh of a wire-bound dam.

MLB = the length of the wire meah of the bank proiection, measured parallel to the
thalweg,

“LD = the length of the wire mesh for a double-fence dam.

L = the width of the wire mesh of a wire-bhound dam, measured parallel to the
thalweg.

NB = the number of fenceposts of the bank protection work.

NDF = the number of fenceposats of the dam proper of a double-fence dam.

N = the number of fenceposts of the dam proper of a single-fence dam.

Q = the rate of the peak flow in m3/a, based on the design storm,

q = the rate of the peak flow in m3/a per unit width of spillway.

R = a constant, representing the depth of key.

3 = the epacing of check dams,

VA =  the volume of the apron and bank protection.

Vc = the critical velocity at dam crest.

VHC = the volume of a head cut control structure,

VDF = the volume of the dam propér of a double-fence dam.

VK = the volume of the key.

VLR = the volume of the dam proper of a loose-rock dam.

Vo =  the approach velocity of flow,

Vs = the volume of sediment deposits above check damaz.

VSF = the volume of the dam proper of a single-fence dam.

VSP =  the volume of the spillway of loose rock and wire-bound leoose-rock dams,

VSDF = the volume of the spillway of a double-fence dam.

VESF = the voiume of the spiliway of a single-~fence dam.
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the weight of rock related to D65°
" the horizontal coordinate of a point on the trajectory, here the horizontal
distance between the downstream side of the epillway and the point where the
waterfall hits the apron.

the critical depth of flow at dam cresti.

the vertical coordinate of a point on the trajectory, here the effective dam
height.
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XIIL,

LOGGING AND THE ENVIRONMENT, WITH PARTICULAR REFERENCE
TO 30IL AND STREAM PROTECTION IN TROPICAL RAINFOREST SITUATIONS

by
Deds Gihoul_‘l/

1a INTRODUCTION

Foreats provide a number of resources of benefit to mankind of which timber is only
one (admitiedly the most importent one in many forested areas). The other main resources
which forests provide are water, forage, wildlife and recreation. In certain situations
ons or more of these other remources may be of mors importance than timber, and forsst
management practices must take account of this. W¥enagement of forest land to utilime these
five basic resources is termed multiple use management.

When there is an abundance of natural reacurces and few people, there is little
need for multiple use management; but when an increasing number of people have to rely on
an unchanging or diminiehing resource lavel, thay must make the most effective use of the
Tesources Available,

In applying a system of multipls use management there are bound to be conflicts
betwesn umes, eo.g, between the use of a catchment for water and for tiaber., Under multiple
use sanagemeni it ie seldom pomsible io get optimum production of any one resource hecauss
of the conocessions that have to be made to aoccommodate the othars., Howsver, properly
applied it will yield the greatest total benefits to the public from the use of all tha
TreSources.

Harvesting of timber causes a number of changes in the environmant, and in rsoent
years logging and milvicultural practices have besn oriticised on theass grounds alone, i.e.
that they have caumed s change in ths natural enviroument. Consegquently it le impertant
from a number of points of view that forsst operations csuse the minimum impact on the
snvironment,

This paper deals with methods of protecting soils and streams during and after
logging opsrations — the effectiveness of some of the methods - anfd some of the problems
ancountered in inmtituting changes in ocurrent logging techniques. Exsmples ars given from
a Tainforest area of North Queensland (humid iropical olimate of 2 700 .m rainfall average).

3/ Forestry Office, Atherton, Quesnsland, Australia.
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Figure 1 - Deep erosion gully in granite soil under rainforest formed when a =nig
track removed the stable surface soil and no provieion was made for drainage.
The man is the centre of the photo gives an idea of the seale.
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2. DAMAGE CAUSED BY LOGGING

Logging can cause a number of changes to the environment, and the major ocnes are
liated below:

{(a) Erosion and subsequent ailtation of streams and reservoirs,

(b) Chenging the streamflow regime (quantity, quality and timing} and increasing
gtream water temperatures.

(¢) Altering the environment for enimals and birds, e.g. by changing the species
componition of the forest and by removing harborage snd neeting sites.

As indicated in the Introduction, this paper will concentrate on the methods of
keeping erosion snd siliation to & minimum.

Tree felling (as such) cauges virtually no soil disturbance. The problems siart
once the fallen irees are moved. In other words it is the roads and snig tracks (log skid
trail) which are the potential originators of exceasive surface runoff and erosion,

The amount of erosion that occurs after logging is dependent (to some extent) on the
amouni of bare soil produced, and this varies with the logging system. Rice and his co-
workers (1) found that the area of bare soil after logging in northweetem U,S.A., ranged
from 1-2% for a helicopter clearcut to 25-30% for a jammer group selection cut. Studies in
North Queenaland, Australia,have shown that after group selestion tractor logging in
rainforest, between 18 and 214 of areas are covered by enig tracks. (Data on fils,
Queensland Foreatry Department, Atherton). About 70% of thie area would be bare aoil,

However, it must be remembered that many species regquire bare soil to regenerste;
therefore, some conscious denuding of the surface soil may be a demirable regeneration
practice.

Erosion is possible once the so0il is expoaed to the pounding effect of raindrops and
the eroeive force of running water. Undisturbed surface soil in a foreet is normally well
structured, cohesive, and resistant to erosion due to the properiies imparted by the vegeta-
tion. Organic matter in the form of leaves, bark, etc. ia being continually incorporated
into the soil by the micro-organiems io provide this well structured surface soil.

Subsoil, on the other hand, ie frequently quite dispersive, i.e. it breaks into
its ultimate particles of sand, silt and clay very easily when it becomes wet. Thia is
illustrated in Table 1 which presenis dispersicn ratio data for various depths in a granite
soil on the Atherton Tableland in far north Queeneland, Australia.

Table 1

Dispersion ratiosl/ for various depths in a granite soil under rainforest at
Danbulla on the Atherton Tableland of far north Queensland, Australia,

Depth { cm) Dispersion Ratio (%)
015 0.6
15-30 16.0
60 57.0
500 77.0

Y The Dispersion Ratio was firet proposed by Middleton {2) in 1930 as an index of soil
erodibility and has eince been used by many investigetors {3,4). It measures the degree
of water stable aggregation of the silt plus clay fraction of the soil. Middleton
recommended that soils with a Dispersion Ratio greater than 10 be regarded as erodible
while those with a Dispersion Ratio of less than 10 be regarded as non-erodible.
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it is evident that the so0il illusirated in Table 1 has a very stable surface, but
that once thia stable surface has been removed (e.g., by the construction of a snig track)
the subgeil is extremely prone to erosion. In fact thie particular soil type gave rise to
masaive erosion after logging when insufficient attention waa paid to drainage of the snig
tracks, a8 illustrated in the deep gully of Figure 1.

The erosion products carried by the eurface runoff eventually find their way into
atreans unless these materials are diverted. Once in the sireamsa the fine particles are
frequently carried in suspension while the ooarae particles increase the bed load
component. Muddied streams cause problems if the water is used by industry or for
domestic supplies. In addition, fish habitat frequently suffers from excees sedimentation

(5:6).

3. GUIDELINES FOR MINIMISING EROSION AND STREAM SEDIMENTATION

3.1 General Guidelines

Once a forest is disturbed by logging some erosion is bound to occur. It is quite
impoasible to eliminate erosion completely — all that can be done is 1o keep it to a
minimum. A good deal of information is available cutlining various presecripiions and
techniques for reducing soil erosion and stream sedimentation from logged areas (e.g. 7,8,
9,10,11,12,13). All that is intended here is to give some general guidelines which are
applicable 1o any area. These are listed below:

(a) Stream buffer strips: Keep all roads, snig tracks and log rampe as far away
from stream courses as possible.

(b) Snigging: Where tractor logging is used, "dead snigging" should be avoided,
instead making use of a logging arch.

(c) Grades: Keep grades on all roads and iracks as low as posaible,

(d) Drainage: Ensure adequate drainage of all roadas and tracks.

{e} Uphill ve downhill: Practice uphill logging wheraver practicable.

(f} Putting to bed: At the completion of each logging season put roads and tracks
*"t{o bed", and apply epecial ireatment to any problem areas (seeding with grass

etc.) Each of these will now be discussed in turn,

.2 Stream Buffer Strips

Protective stirips along streams will ensure that any surface runoff and ercasion
which does occur will have eome opportunity of being diverted into undisturbed areas to be
filtered before reaching the stream. When roads have to cross stireama, log bridges or
concrete culverts should be built. Figure 2 shows a poorly constructed earth and log fill
crossing in north Queensland., Such crossings wash out each wet season ceusing conasiderable
downgtream sedimentation. Various studies have shown that a few small asdiment source areas
can be major contributors in the erosion and sedimentation of catchments {14, 15) and the
crossing shown in Figure 2 is an obvious example.

In certain critical areas such as domestic water supply catchments and around
rceervoirs, all logging activities should be excluded from an area along each bank of the
stream and within a certain distance of the normal high water level of the reservoir, The
width of this untouched buffer strip will vary depending on the local conditions of soil,
topography, vegetation, rainfall regime, etc, However, it is generally recommended that
the width should be at least 20 metres on each side of the stream.




as the one depicted hers are potent

Figure 2 - Barth and log fill crossings such
washad out

sources of downstream sedimentiation when they become
during the wei season.
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Vegetation maintained along sireambanks also preventis water temperaturee from rising.
Figure 3 shows the impact on maximum water temperatures of removing rainforest vegetation
from a small catchment in north Queensland. Mean maximum monthly temperatures were
increased by about 10C in winter and 29C in summer, although minimum temperatures were
unaltered by the clearing.

3.3 3nigging (Skiddin Effects

Dead snigging, i.e. the snigging of loge along the ground behind s tractor, causes
unnecesfary 8oil disturbance and gouging of snig itracks = frequently turning them into well
defined water ways which are difficult to drain., Figure 4 illustratez the sort of damage
wkich results from dead onigging. The use of some form of logging arch to lift the end of
the loga clear of the ground will assist in reducing this sort of damage.

3.4 Road and Snig Track Layout and Design

It ie important that roed and enig track grades be kept as low as possible, beocause
the ercsion potential of aurface Tunoff increases with velocity. Ensuring drainage of roads
and snig tracke is a self evident method ¢f Teducing erosion and stream sedimentation. I%
ig important to divert surface Tunoff from roads snd tracks before it has a chance to build
up sufficient velocity to be a gerious erosion force. Drainage water diverted into
undisturbed forest has a chance of filtering out its sediment load before reaching the
gteam. More detailed guides for spacing of drains on roads and iracka are given in
Megahan's paper in this publication and in a number of other sources, e.g. 9 and 13,
However, in most cases an assesement of each arsa will be necessary to take into account
local variations of soil type, topography, rainfall regime, etc.

3.5 Uphill Logging Advaniage

Figure 5 ahows a hypothetical pattern of enig track development under both uphill
and downhill logging. It is evident that with downhill logging water has the opportunity of
concenirating on the lower slopes along main snig tracks and cawsing a coneiderable ercaion
and sedimentation hazard. Uphill logging on the other hand,concenirates the main snig tracks
on the ridges so that surface runoff flows into progressively leas disturbed areasm ae it
moves downslope.

3.6 Putting Tracks "To Bed"

At the completion of each logging season the area should be inepected and roads and
enig tracke put "to bed". Water bars should be constructed where neceseary 1o ensurs
adequate drainage during the wet season. Most logging road drainage is carried out for
"average" conditions, i.e, very low return period flood events, and this ie frequently
inadequate to cope with wet season rainfall {particularly in iropical areas which experience
a_pronounced wet season).

Any critical areas such as large road fills, or romde and tracks close to streame or
reservoirs should be inspected and,if necessary, seeded with e rapidly growing grass in order
4o stabilize them as soon as possible (also note the paper on "hydroseeding” in this
publication). Mention was made earlier of the importance of a few sedimeni source areas
contributing more than their share {on an area basis) of eurface runoff and erosion, and
it is the attention to what appears to be minor details which will markedly improve ihe
overall ercsion and eedimentation picture.
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4. PUTTING THE GUIDELINES INTO PRACTICE

From a practical point of view individual aress should be assessed when they are
firet considered for logging, so that conditions can be inserted into timber sale agreements
aimed at keeping erosion and stream sedimentation to a minimum. The oconditiona will be
dependent on local environmental facters such as vegetation, geology, soil, topography
and rainfall regime. The end use of the water also needs to be taken inio account. For
exsmple, more stringent conditions will need to be applied in domeatic water supply
oatchmente than in sreas where the water haa no significant downsiream uee.

This assessment of individual areas is quite esasential because of the widely
varying conditione even within relatively small areas. For example, a logging practice
which is acceptable in one area may be quite unacceptable in another adjacent area becauae
of a change in the @oil perent materiaml from a stable sediment to a highly dispersive granite.

The nasesament of areas before logging and the determination of special oconditions
to be applied to those areas means & substantial element of pre-planning for the entire
logging operation. The type of logging (uphill or downhill), the location of roads, snig
tracks and log ramps, the location and type of siream crossings, the type of machinery
to be used — should all be decided before the operation commences. This invelves a rather
radical change from routine practice in many areas, where "logger's choice" is the rule
rather than the exception. However ii is a necessary change if we are to keep the
environmental impact of logging te a minimum.,

In spite of the need to lay down detailed conditions for each sale area, it is
deairable 10 maintain a certain degree of flexibility so that on-the-spot decisions can be
made to take account of particular circumstances; e.g. it may be decided that a tree just
within a buffer strip can be cut without causing any damage to so0il or water values while
another tree some distance outside a buffer strip should be left uncut (poesibly becsuse it
wae leaning towards the stream on a steep slope). Such a flexibility throws the onus on
to individuals who must take responsibility for their decisiona ~ they can't hide behind
the reguleticns, This means, of course, that field operators must be skilled and well
trained.

S A RAINFOREST EXAMPLE OF THE EFFECTIVENESS OF GUIDELINES IN CONTROLLING ERCSTON
AND SEDIMENTATION

5.1 Description of the Example Area

The guidelines outlined in section 3} above, were used to draw up a set of conditions
to be gpplied to timber salee in a 44 Jm® catchment in north Queenmsland., These conditions
are shown in mection 5.3, The vegetation was virgin rainforeest which was being logged
heavily prior toa portion of it being cleared for the construction of a domestic water supply
reservoir for the city of Cairns. The climate is a humid tropical one with an average
rainfall of 2 700 mm, sbout 60C% of which falls during the wet season months of January
to April.

b IY The Problema Before Guidelines Were lsed

Very little regard was placed on water values when logging commenced in 1960, and by
1965 severe erosion was ocourring from roads and enig tracks and serious aedimentation wam
ocourring in the streams, There were many examplea in the catchment of snigging and
nauling through major atreams and there was little attention paid to the location of roads,
tracks and log rampe. Someé ranps were almoet in the streambeds and drainage water was
discharged directly into the streams.




Figure 5
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attern for uphill and downhill logging {dashed lines}. With uphill
ks flowe on to progresgively less disturbed areas as i1 moves downe lope,

Downhill legging, on the other hand, concentrates surface runoff on the
ks, causing a considerakle erosion and sedimentation hazard.

~ Hypothetical snigtrack p
logging water from trac
reducing erosion hazard.
lower elopes along main snig trac
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5.3 Guidelines Established in the Example

In 1967 Special "conditions"({or regulations) were inserted in all the timber sale
agreements in the catchment. These conditions were aimed at reducing erosion and stream
gedimentation in Freshwaier Creek basin in north Queensland. The principal points were:

(1) "The location of all proposed roads, major snig iracks and log ramps ehall be
subject to approval by the Forest Officer in charge",

(2) "Snigging and hauling through running streams is prohibited",

{3} "The Purchaser shall construct and maintain drains from roads, snig tracks and
log rampe as required by the Forest Officer and to his satisfaction'.

(4) '“Before conetructing a crossing of a stream the Purchaser shall secure permission
from the Forest Officer and the conditions of such parmit shall be cbserved by
the Purchaser. Such conditions may specify the manner in which spoil,if any,
ig to be diaposed of".

(5) "A logging arch or bobtail shall be used for anigg{ng operations when this is
required by the Forest Officer",

{6) "The Forest Officer in charge may suspend all or any operations at any, and for
such, time as he conaiders these operations detrimental to water or forest
intereats",

5.4  Effects of the Guidelines (in the Example)

Measurements of suspended sediment ooncentration were mede from 1965 until 1969 and
s summary of the results of these measurements is shown in figure 6, There was a progressive
decline in sediment concentration after the impoeition of the special conditions
(guidelines) even though wet season rainfall showed very little change, and logging activity
continued unabated during each dry season. 1965/66 suapended sediment levels were relatively
low because the year's rainfall was 40% below average and very little high intensity rain
occurred. The highest suspended sediment level meassured during the 1968/69 wet semson wes

only 188 p.p.m. (parts per million) whereas mediment concentrations during the 1965/66 wet
season frequently exceeded 700 p.p.m.

It is clear that relatively aimple regulations or guidelinea - in the form of
eonditions™ in timber sale agreements in this case = can make a marked improvement in soil
erosion and stream sedimentation condition, even in a “patching-up" cperation as the
rainforest example just described. They can be far more effective if the logging operation
is pre-planned and soil and water values are considered from the beginning. Thie has been
shown in numerous studies, mainly in the United States, e.g. 8, 9 and 16.

6. PROBLEMS OF CHANGING THE LOGGING “CONDITIONS® AND ESTABLISHING GUIDELINES

It is generally easier to include "conditiona" {"conditione” referring to
reatrictiona, guidelines, specifications, ete) in timber sale agreements than to get them
applied. Field operators (both public forestry and private) tend to be very conservative
and resist changa. It is reasonably easy to convince both the foresiry profession and
timber industiry lemders of the need for change. Thir awareness has then to be passeed on 1o
the people in the field who are actually doing the job - forest rangere and overesesrs,
timter cutters and haulein. This is prebably the most difficult part and it requires
great patience and perseverance by the supervisors. If the supervisors do their jobs well
and convince the fisld operators of the benefits of the changed conditions, the time will
come when field personnel will be conscious of watsr and soil values as well as timber values
and will antomatically "do the right thing".
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CONCLUSIONS

The present climate of environmental concemm makee it necegeary to maeke a critical

appraisal of our current logging techniques, whether for epecial areas (such as domestic
supply catchments) or for "run of the bush" operations. We should look at utilization from
a different point of view; instead of attempting to maximise the return from timber, the
aim should be to maximiee the overall value of the area for society, Thie may mean that
the return from tipber has to be reduced (or even eliminated) from certain areas to take
account of other wvalues,

8.

(1)

(2)

(3)

(4)

(5)
(6)
(1)
(8)
(9)
(10)

(11)

(12)

REFERENCES

Rice, R.M.; Rothacher, J.5. and Megahan, W.,F, — Erosional consequences of timber
1972 harvesting: an appraisal. National Symposium on Watersheds in
Transition. pp 321=329.

Middleton, H.E, Proparties of s¢ils which influence soil erosion. U,5,D,A., Tech,
1930 Bul . 178: 1-16,

Anderson, H,W, Physical characteristice of soils related to erosion. J. Soil and
1951 Water Conserv. (6): 129-133,

Wallis, J.R. and Wellan, D.,W., - Variation in dispersion ratio, surface aggregation
1963 ratic, and texture of some California surface soils as related
to soil-forming factors. Bull., Inter. Assoc. Sci. Hydrol.

(4): 48-58,

Peters, J.C. Effects on a irout siream of sediment from agricultural practices,
1967 J. Wildlife Management (31): B805-812

Hansen, E.A. Jediment in a Michigan trout stiream, ita source, movement and some
LA effects on fish habitat. USDA Forest Serv. Res. Pap. NC-59 14 p-,

Trimble, G.B. and Sartz, R,S. - How far from a stream should a logging road be
1957 located ? J, Por. (55;: 339=341,

Hornbeck, J.W, and Reinhart, K.G. - Water quality and 20il erodion as affscted by
1964 logging in steep terrain. J. Soil and Water Conserv. (19): 23-27,

Haupt, H.F. and Kidd, W.J. Good logging practices reduce sedimentation. J. For
1965 (63): 664-670.

Packer, P.E. Criteris for demigning and loemting logging roads to control

1967 sediment. Forest Science {13): 2-18,

Rothacher, J. Managing forest land for water quality. Proc. FAO/USSR Inter,

1970) Symp. on Forest Influences and Watershed Management, Moscow,
USSR, pp. 232-244.

Anon. Industrial waste guide on logging practices, U.3, Dept. Interior,

1970 Pederal Water Pollution Control Admin. 40 pp.




(13)

(14)

(15)

(16)

Rothwell, R.L.
1971

Gilmour, D.A.
1968

Gilmour, D.A.
1971

- 235 -

Watershed management guidelines for logging and road construction.
Canadian Foresi Serv. Foreei Research Lab., Edmoenton, Alberta,
Information Report A-42. T8 ppe

Hydrological investigations of soil and vegetetion iypes in the
lower Cotter catchment. Aust. For. (32): 243-256.

The effects of logging on sireamflow and sedimentation in a
north Queensland rainforest catchment. Comm. For. Rev. (50):

36848

Kriek, P,B, and O'Shaughieany, P,J. Some initial effects on water quantity and

1974

quality of an experimental roading and timber harvesting
operation in a Victorian mountain ocatchment. Institute of
Foresters, Aust. 7Tth Conference, Vol. 1: 375=391.







- 237 -

Xiv,
REDWUCING BROSINAL IMPACTS OF ROADS

by

Walter F, Megahan
Intermountain Forest and Ran,
Experiment Station 1

1+  INTRODUCTIN

Accelerated erosion may teke place following road conmstruction on forested lands,
Some possible causes include; (a) removal or reduction of protective cover; (b) destruction
or impairment of natural soil structure and fertility; (c) increased slope gradiente created
by construction of cut and fill slopesj (d) decreased infiltration rates on parts of the
road; (e) interception of subsurface flow by the road cut slope; (f) decreased shear
strength, increased shear stress, or both, on cut afd fill slobes, and (g) concentration of
generated and intercepted water,

Hunerous reports substantiate the fact that road comatruction can accelerate erosion on
forested lands (1, 2, 4, 6, 9, 14, 15, 18, 19, 20, 22, 24). Experience by FAO in developing
countries hag often shown that roads are the major source of erosion. Ae might be expected,
effects vary considerably depending on the geologic, climatic, landform,.socil, and
vegetation properties of the area or country in question and upon the care taken to reduce
erosion in all phases of the road development project. Roads constructed on glaciated,
metamorphic parent materisls in Colorado, for example, exhibited slight accelersted on-site
erosion, tut no significant increeses in eediment yields were detected downstream (14)s In
contrast, construction of low standard, temporary loggiﬁE roads on high erosion hsgard
grenitic slopes in Idaho greatly accelerated on~site surface and mass erosion, causing
downstiream sediment yields to increase an average of over 45 times (from 8.8 to 196 meiric
tanaﬂcmzfyr) for a 6=year study period {19).

The impacts of road eromion are meny. The moat direct is to the road itself; excessive
erosion can, and often does inhibit road use or even make the road impassable until restored,
often at great expense. Less obvious, but often more important, is the movement of eroded
material off the site, 7his can cause sedimentation which may create excessive damage to
downsirean cultural and ecologicel values.

l/ Principal Reseerch Hydrologist amd Project Leader, Intermountain Forest and Range
Experiment Station, US Forest Service, 316 East Myrtle Street, Boiwe, Idahe, 83706,
U.S.A.
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Table 1 ~ Effect of harvest system and silvicultural practices on the
percent area disturbed by road construction (reference 25),

. Logged area
Si%gfgtgfuiiitzisgem bzzﬁgt:ﬁcigzi Location Reference
%
Jammer V. Group selection 25=30 Idaho (19)
High lead 2 Clearcut 6e2 Oregon (26)
Skyline LN Clearcut 240 Oregon (3)
Helicopter &/ - clearcut 1.2 - it

1/ Jemmer - a small, truck-mounted ekidder-loader - maximm

reach about &0 m,

g/ High lead = a cable system that drage loge to the loading
area - maximim reach about 200 m,

3/ Skyline - a cable system that suspends logs during transport
.to the loading area = maximm reach about 800 m,

4/ BEetimated by Virgil W. Binkley, Pacific Northwest Region,
U.Se Forest Service, Portland Orega., based on a maximm
flying distance of aba.lt 1.5 kilometers,

Al T iy sy
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Ze EROSIM PROCESSES

Recognition of the iype of erosion occurring on an area and knowledge of factors
controlling erosion are important in aveiding problem esreas and in designing control
measures., PErosion can be broadly classified into two types — masas ercsion and surface
erosion. Mass eroaion includes all erosion where particles tond to move en masse primarily
under the influence of gravity forces, It generally includes various itypes of landslides
plus nonrainfall associated erosion (dry rreep). Surface erosion is defined as movement of
individual soil particles by forcee other than graviiy alone such as overland flew of water
and raindrop impact. Here, dry creep will be considered a surface erosion proceess because
many Soil stabilization measures designed to control surface erosion are also effective in
controlling dry creep.

Surface eroaion is a function of three factors: (a) the magnitude of forces available
(wind, raindrop splash, overland flow, etc.); (b) the inherent erosion hazard at the site
in question (soil detachability characteristics, slope gradieni, etc.); and (¢} the amount
of material available to protect the soil surface (vegetation, litter, mulches, etcs)s
Mass erosion is controlled by the btalance between the shear sirength and the shear strens
within the soil or fill material at the eite in question; aa long as shear sirengih exceeds
shear stress, the site remaine stable,

3«  BASIC PRINCIPLES

Fortunately, the erosional impacts of road construction need not be passively accepted;
there are a variety of practices available to reduce impacts, These can be summarized as
four bagic principles:

45 . R
(1) Minimize the amount of disturbance caused by road construction by: (a)%contilling o= o

the total mileage of roads; and (b) by reducing the area of disturbance on the roeds
that are built,

{2) Avoid construction in high erosion hazeord areas,

(3) Minimize erosion on areas that are disturbed by road construction by a variety of
practices designed to reduce erosiomn.

(4} MWinimize the off-site impacts of erosion.

All four factors must be weighed to reduce total erosional impacte. This is important
because stress on individual factors may not meet this goal, For example, a shorter road
may have to be lengthened to avoid high erosion hazards. In this came, total ercsional
impacts may be minimized although the aree disturbed is increased. Erosion comtrol practices
ars certainly beneficial and considerable effort has been and should be devoted to their
development and implementation., However, prevention, rather than control, usually is by far
the most efficient means to reduce erosional impacts. Prevention can have an added benefit

by avoiding possible irreparable dameges or costly repairs that mey exceed original
construction costs,.

The first basic principle emphasizes measures designed for erosion prevention rather
than controle Minimizing road mileage and mress of disturbance help reduce ercsional
impacts considerably, This is particularly true on forested lands where the total length of
rord required is often regulated by the distance cepabllities of logging systems and the
silvicultural practices prescribed for the timber stands (Table 1)e

Reductions in the area disturbed by road construction can alse be made by careful rosd
location and design. For example, use of flexible horizonial and vertical alignment
standards during road lecation to aveid steep slopes can decrease the widih of area
disturbed considerably. To illustrate, total width of disturbance by a roed 4 m wide
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Figure 1. Width of disturbance {projected to a horizontal plane) caused by o 4% A A
construction as a function of hillslope gradient. Aeseumptions: road width, 4 m
£fill slope gradient, 67% (1.5:1)} cut slope gradient, 200% (0.5:1); volume of
material removed from cut = volume of material in fill (“"balanced conatruction").
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Figure 2. Ford construction stabilized by gabions placed on the downotream end.
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jncreases from about 7 m on a 40% slope fo 16 m on a 60% slope; on a 65% slope the width
increases to 32 m (Fige 1)e For a given slope, additional reductions in area disiurbed can
be made by minimizing road and ditch width and by maximizing the gradient of out and £ill
slopes (assuming the sieeper slopes do not increase other erosion hazards).

The second basic principle fer reducing road erosion impacts is another matter of
prevention rather than contreol and consists simply of avoiding high erosion hazard areas,
Examples of serious erosion problems caused by road comstruction in high erosion hazard
areas are common, especially where landslide hazards are highe Here even minor location
changes of 10 or 20 m may eliminate a major erosion problems Usually, problems of thie
type arise from adoption of, and strict adherence to, iraditicnally accepted road standards
(eegey alignment standards for speed purposes) rather than providing some flexibility in
standards to allow the road location to be adjusted to the site properties of the
particular landscape in question.

The third basic principle is to reduce erosion on the areas that are distrubed
by road construction, This is the traditional approach using a multitude of practices to
help reduce erosione Successful design of erosion control practices requires considerable
knowledge of ercsicn processes, including the major type of erosion that is occurring and
the individual factors that control erosions To illustrate, little benefit results from
attempting to stop mass erosion by mulching or surface erosion by installing subsurface
drains, Likewise, mulching a road fill slope may have little value if improper design,

failure of the road drainage system, or both, cause large quantities of water to flow over
the fill,

The fourth basic principle for reducing erosional impacts is to minimize the off-site
impacta of erosion that does occur. Essentially this amcunts to reducing sediment delivery
to stream channels by: (a) keeping disturbed areas as far from channels as posaible,

(b) providing a maximum of obstructions to catch and retain sediment befors it reaches the
drainage system, and (c) recognizing that the efficiency of a downslope area o deliver
gediment varies considerably depending upon iis form and siructure.

4e GUIDELINES FOR REDUCING EROSIQVAL IMPACTS OF ROADS

These guidelines are based upon the four basic principles which have been
described above. They are presented in the context of the entire road development process
proceeding from broad land use planming through road location, design, construction,
maintenance, and closuree FPresentation in this mamner is not intended ic resirict the
guidelines to those higher standard roads receiving such formal atep-by-step development.
To the contrary, the basic eroeion control principles apply to any road development and

should be used throughout the development process regardless of the intended purpose or
standard of the road.

The guidelines are not all inclusive, but rather are based upon concepts and techniques
that have been applied in the temperate climates of the United States, They were developed
from experience and research mostly in mountainous terraine Many of the principles and
procedures ir this paper will be useful in other areas; however, modifications will
undoubtedly bc needed to accommodate unigue site conditions found in a particuler location.
Therefore, it is important to verify applicability with local experts (€sgey engineers,

land use planners, soil scientists, hydrologists, foresters, geologiste) before applying
the guidelines.

Much of the material presented here was sbstracted from references ET) (10}, (11),
(12)y (13)y (21)y (28)s (29)y (30)y (31}, (32), (33), (34)y (35)y (36)y (37), and (38)s
The author acknowledges the excellent work of the various authors and institutions and
recommends the originel references for more in-depth consideration. Undoubtedly, many
other excellent references have been developsd and should be used where applicable,
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5s LAND USE PLENNING

Land wee plamming with respect to road consiruction simply means anticipating the
presert and future uses of the {ransportation system to assure a maximum of service with a
mipimum of monetary and erosional costs. The objective of thia phase of the road develop-
ment procees is to establish specific objectives and prescriptions for road development
along with the broad location needs. Thie must be a coordinated effort among the land
manager, road engineer, foresier, geologist, soil scientiet, and others who recognize
specific problems and needs and recommend alternatives or solutions.

Land use planning ie an important factor governing the total area disturbed by road
congtructions It is particularly imporiant on forested lands where the total mileage of
roads constructed is closely related to the timber harvesit systems and silvicultural
practices prescribed, Harvesting methods aleo affect the ares of disturbance because width
and alignment requirements vary with the type of practice used, Additional decisions
related to all anticipated traffic, operating speeds, and safety requirements should be made

at this timea All of these influence road width and alignment, which affect areas of
disturbances

Future as well as present needs must be considered during the land use plarming phase,
This will help to avoid situations where the road is inadequate for future needs as, for

example, in timbered areas where the road network is improperly located for second or third
cuts,.

The land use planning phase is the time to evaluate environmental and economic¢ irade-
offs, This should set the atage for the remainder of the road development processe If an
objective analysis by qualified individuals indicates serious erosional problems, ihen
reduction of eromional impactis should be a primary concern, In some aream, this may dictate
the method of land use for the area or may in fact eliminate a land use because reduction
of erosional impacts is economically impossible at the time,

6+ ROUTE RECONNAISSANCE AND LOCATION

Armed with the guides and constraints developed during the land use planning process,
the next step is to determine the specific road location. Alternetive routes should be
carefully reviewed in the office and at the site, utilizing all aveilable background
information (soil surveys, etc.) and technical expertise. Some important guidelines to help
reduce erosional impacts during road location are:

1)  Avoid high erosion hazard sites, particularly in areas where mass erosion is a problem,
In such areas, slight location changes can often eliminate s major eroasion problem,

2) Minimize the area of road disturbance by tsking advantage of terrain features such as
natural venches, ridgetops, and lower gradient slopes.

3) 1f necessary, include short road segments with steeper gradients (consistent with

traffic needs) to avoid problem areas or to take advantage of terrain features.

Avoid midslope locations on long, steep, unstable slopes, especially where bedrock is
highly weathered or soils are plastic.

Locate roads on well=drained soils and rock formetions that tend teo dip into the alope;
avoid elide prone areas characterized by seeps, clay beds, concave slopes, hummocky
topography, and rock layers that tend to dip parallel to the slope.

For timber harvest roads, teke advantage of natural leog landing areas {flatter, better
drained, open areas) to reduce soil digturbance associated with log landings and
temporary worik roads.
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7)  Avoid undercutting unstable, moisture laden toe siopes when locating roads in or near
valley bottome.

8) Vary road grades where possible to reduce concentrated flow in road drainage ditches
and culverts and to reduce erosion on the road surface,

9) Select drainage crossings to minimize channel disturbance during construction and to
minimize approach cutg and fills,

10) Locate roads far enough above streams to provide an adequate buffer area or be prepared
to catch sediment moving downslope below the road. A number of guides have been
developed for establishing width of buffer areas based upon hillelope gradient, parent

material, cross drain spacing, etce (€«ge, 23, 27). The guide developed by Packer
(23} ie presented as Table 2,

Te  ROAD DESI(N

Road design involves translating field location survey and other data into specific
plans to guide construction. Design criteria must be flexible to allow for modificatiorns to
minimize erosion hazards under varying site conditions. This is the stage of development
where various measures to control erosion and reduce off~site ervsional impacts are
incorporated into the road designe.

Revegetation and associated practices are imporiant considerations during the design
process, In addition, future maintenance needs are an important consideration to assure
stability and economical use of the completed road., If regular maintenance cannot bea
assured, this must be accounted for in the desi:n so that undue ercsion will not occour.

A number of possitle erosion control practices can be included in the road design
processs

1} Use as narrow a road as possible commensurate with traffic speed and safety
requirements and erosion hazards. In certain situations it may be necessary to
reduce speeds ond provide for alternative safety measures {e.g., restricted road use)
to asasure a narrow road in high erosion hazard areas,

2) Attempt to balance the volume of cut and fill material to minimize excavation. Use

proper layer placement and compaction techniques wherever poesible on fille to mssure
stability against mass failure.

3) Use full bench construction (no fill slope) where stable fill construction is impossible,
Haul excavated material to safe disposal areas. Include waste areas in soil
stabiliization planning for the road.

4) Where full bench construction ie impractical, properiy designed retaining walls provide
an effactive but costly alternative to hold fill material.

5) Use the steepest slopes poasible on cut and fill slopes commensurate with the strength
of the soil and bedrock material as established by an engineering geclogist or other
specialist in soil mechanics, Benching cut slopes in areas of weak or erodible bedrock
{eefe, weathered granites) into a series of properly drained terraces provides
opportunity for vegetation establishment and may even require less excavation.

6) Properly designed road surfacing is often required to prevent sxcessive roadway
erosion and maintain a usable road., The surface required depenia on many factora such
a8 the type and volume of traffic, strength of subgrade, service life, and materials
available, Often, locally available gravels or crushed rock will terve the purpose.
I%t may be desirable to surface both the road tread and the ditch in one operation.
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Table 2 -~ Protective—-strip widths required below the shoulders l/ of
S=year old 2/ logging roads built on soil derived from
basalt, having 9 m cross-drain spacing, zero initial

obstruction distance, 5/ and 1009 fill slope cover density. éf

Protective-strip widths by type of obstruction

opating on poungs.  Less  Rocks pien And SIodh and o Rerbacecus
————————————————————— Heters = w« m = e e e mr e e e e e -
0l 10,6 11.2 1.6 1241 12,5 13,1
o6 11.3 1242 13,1 14,0 1449 1549
9 11.9 1341 14.3 15.9 1744 18.6
T2 1242 14,0 1549 177 19.5 2143
145 125 1446 1740 1942 2146 23,8
o3 15.2 18,0 2047 21,5 2642
241 1549 189 2242 2546 2847
| 2ut; 16,2 19.9 2345 271 30.8
; 20T 1645 2004 2447 2940 3249
\ 340 2549 3045 3541
‘ 3ed 27.8 317 3649
2.7 3847

1/ For protective—strip widths from centerlines of proposed roads, increase widths by
one~half the proposed road width,

3/ If storage capacity of obstructions is to be renewed when roads are 3} years old,
reduce protective-sirip widths T m.

;/ If s0il is derived from andesite, increase protective—sirip widths 30 omj if from
glacial silt, increase 1 mj if from hard cediments, increase 2,4 m; if from granite,
incrense 2.9 M3 and if from loess, increase T m,

ﬁ/ For each 3 m increase in cross—drain spneing beyond 9 m, increase protective=strip
widths 30 cm,

For each 1,5 n increase in distance to the initial obstruction beyond zero (or the
road shoulder), increase protective-strip widths 1.2 m.

é/ For each 107, decrease in fill slopc cover balow a density of 1007, increase protectivew
sirip wvidths 10 cm.
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Figure 3. iioek Tip-rap proteciion for embankment at a culvert installation.
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EADQSION AT QUTLET

Figure 4. Culvert inetallation illustrating the use of a headwall, downspout, and a
splash basin at the downsiream end.
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Tl Road drainage
Tele? Crossing natural drainageways

There are three methods for crosaing natural drainagewayas: fords, culverts, and
bridges. Factors influencing the appropriate crossing include construction and maintenance
cost, equipment and supplies available, debris potential, stream size, contemplated road use
and life, foundation conditione, and vertical position of the road relative to the streanm,

1) Fords are attractive alternatives for crossing small streams, particularly in areas
where large amounts of rock, sediment, and organic debris tend to plug bridges or
culverts, Fords cause minimal disturbance to the stream channel, are inexpensive, and
avoid many of the problems aseociated with bridge and culvert installation. PFords
require stable chammel bottoins able to support vehicles or channels that can be
protected by gabions or paving (Fig. 2).

2) Culverts (metal or wood) or bridges asre required for channels where fords are impractical.
Availability of construction equipment and materials, size of stream, potential for
debris, terrain steepnesa, and reliability of the c¢alculation for determining culvert
capacity are some of the pointa to consider when deciding whether to use a culvert or a
bridge at a given location. Other factors being equal, bridges are preferable,

perticularly in areas with debris or excemssive sediment problems because the chances of
failure are less,

Structurez should be large enough to carry the flows to which they are subjected
within acceptable limits of risk. GCosts increase rapidly with size so adequate local
hydrological studies are needed. It is important to base the size requirement on the
anticipated risk of failure rather than on the return interval of the flow alone

{Table 1}s The percent chance of failure established for a given structure will depend
upon the anticipated economic and environmental hazards.

3} Roads should clinb away from channel crossings in both directions wherever practicsl se
high water will not flow along the road surface. 3Surface sloped sections of the road
if neceesary to reduce sediment movement directly into the stream,.

4) Where adequate maintenance can be assured, install open top culverts or dips in the road
surface to direct road runoff on to filter strips rather than directly into the stream.

5) Use rip-rap (placed roclc), masonry hesdwalla, or otherwise protect embanikment and
channel sides at drainage structurea (Fige 3).

6) Increase the capacity of bridges or culverts in areas where debris, sediment, or both
types of problems exist. In extreme situmtions, this may mean doubling the capacity
of the structure,

7}  Frequently maintained trash racke (grates) over the inlet end may be useful where
floating debris tends to plug culverts.

8) If at all possible, use bridges in areas where debris problems are severe and fords
are impractical. O(therwise it may be neceseary 1o construct rock - or gabion-proitected
fills with a dip to allow cverflow in the event that culvert capacity is lost,

Te1+2 Drainage along the roadway

Drainage is needed along the roadway to remove waier before it has a chanoe to
concentrate and cause erosion. To help accomplish this, slope road surfaces laterally
either outward or inward, depending on traffic neede and erosion hazarda, Unfortunately,
$raffic can canse some rutting in the road surface that concentrates flow along the road in
spite of the outsloping or insloping. Thus in many situations, additional crosa-~drainage
measurss are needed to interrupt thie flow and divert it laterally before it has a chance to
canee erosion problens,
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Table 3 ~ Design flood recurrence intervals (years) needed to provide
a given project life with a given chance of failure 1/

Percent chance of failure

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

5 98 48 32 23 18 15 1311 9 8 7T 6 6 5 5 4 4 3 3
10 ® 96 63 46 36 29 24 21 18 15 14 12 11 9 8 71 6 5 A
15 # % 93 68 53 43 36 30 26 23 20 17 15 13 12 10 9 8 6
20 » + # 91 71 57 47 40 34 30 26 23 20 18 15 13 12 10 8
25 % # * % 38 71 59 50 43 37 32 28 25 23 1917 14 12 9

30 9+ w0 8 71 60 51 44 3% 34 30 26 23 20 17 14 N

35 L 99 82 70 60 5% 45 39 34 30 26 23 19 16 13

W 40 * % wow o o® % 94,79 68 59 51 45 39 34 30 26 22 18 U

E 45 # % ®= % % » % 89 76 66 5T S50 44 38 33 29 25 21 16

~ 5 % ® * % * * 93 85 T3 64 56 49 43 37T 32 27 23 18
:

= 55 # # # ¥ # % # % 931 [0 T0 61 S3 47 42 3% W0 25 19

g 60 # # % # ® w # # * 88 75 66 58 51 44 38 33 27 21

R 65 = = « = * # % w95 £2 72 63 55 48 41 35 2% 23

70 * # & % # ® w * » w# 89 77 68 59 51 44 38 31 24

75 * % x % % » = % * * 95 83 T2 63 55 48 41 34 26

80 * » % w« = * w* # % * * B8 Ty 67 59 5% 43 36 28

85 = % * # = » ® *® & # ® 94 B2 T2 62 54 46 28 29

S0 # * ® x * % ® # w® ® # 99 87 T6 66 5T 48 40 3

g5 # % & ® w x ® x # * % % 91 80 70 60 51 42 33

100 % % & # # % % # # # % # 96 By 13 63 54 44 34

1)/ Based on the formula J = 1 -~ (1 ~ 1/T)N, where N = Design Life, T = Flood Recurrence
Interval, J = Chance of Failure (reference 5).

#  More than 99,
Example: If a culvert through a road is to last for 20 years with a 10% chance of

. fallure, the culvert should be designed for the 57-year flood .recurrence
avent,
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Table 4 - Cross—drain spacings required to prevent rill or gully erosion
deeper than 2.5 cm on ursurfaced logging roads tuilt in the upper
topographic position l’/ of north=facing slopes 3/ having a gradient
of 80% « (reference 23, table 2).

Material
Road
grade Hard Glacial
(%) sediment Basalt Granite silt Andesite Loess
== e == a e~ = Cross=drain spacing, m = -« ~ = = - m - - -
2 51 27 42 41 32 29
4 46 42 38 37 27 24
é6 44 40 a5 34 25 22
8 42 38 33 32 23 20
10 39 35 29 29 20 17
12 16 32 27 27 17 15
14 33 29 24 23 i4 1

1/ In middle topographic position, reduce spacings 5.5 mj in lower topographic
position, reduce spacings 11 m,

On south aspects, reduce spacings 4.6 me

R

For each 10% decrease in slope steepness below 80%, reduce spacings 1.5 m.
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3)

4)
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Qutsloping (ieeey 8loping toward the downhill side of the road) of from 3-5% is prefer-
able to insloping because it eliminates the need to develop facilities to dispose of the
water draining down the inside of the rosd. Outsloping can be unsafe in some situations
because of particular traffic requirements or unusual site conditions such as clayey
road surfaces thet are very slippery when wet, In addition, outsloping should only be
used where runoff will flow off the road onto stable surfaces. MNormally, this precludes
the use of ouisleping on fill portions of the road unless fill slopes are small and low
in ‘erodibility or are well protected by mulches, vegetation, or both.

Insloping (1seey sloping toward the uphill side)} of the road purfacs is preferred to
outsloping in areas of unstable f£ills, except in the case of a contour road where thers
ig nn chance for lateral flow along the road. Water draining from the road iz carried
along the inside of the road either on the road surface itself or more commonly in a
ditche Culverts are installed periodically to carry the water under the road. Some

points to consider when designing an insloped road are:

a) Avoid using ditches or keep ditches to & minimum width and increase the mumber of
cross drains to reduce the total area disturbed by construction,.

b) Plan ditch gradients steep enough (generally greater than 2%) to prevent sediment
deposition.

¢} Install culverts frequently enough to avoid accumulations of water that will cause
excessive erosion of the road ditch and the area below the culvert outlet. Surface
the @itch in areas of erodible material (esge, weathered granitics),

d) Use a culvert size of at least 40 to 50 cm, depending on expected debris problems,

e) Install culverts at ihe gradient of the original fill glope if posaible: otherwise
provide anchored downepouts to carry the water safely across the fill slopes Skew
culverts 20° to 300 toward the inflow to provide beiter inlet efficiency apd flow
characteristicse Provide rock or other splash basins at the downstream erd of
culverts to reduce the erosion energy of the emerging water (Fige 4)e

f) Protect the upatream end of culverta from plugging with sediment by using sediment
catch basins, drop inlets, changes in road grades, headwslls, and recessed cut
slopes.

g) Install the culvert deep enough to assure that it will not be crushed by traffic
loads. This requires a depth of about 1,2 m for metal culveris subjected to loads
from large, loaded logging trucks.

In some areas, alternating inslope and outslope sections can be tuilt into the road,
especially if road grades are "rolled" (provide alternating adverse and favorable
grades), In such instances, install dips or cross drains on the surface of the road
to control eroeion of the roadwaye

It is usually necessary to construct cross drains in the road surface on either
insloped or outsloped roads to help prevent erosion caused by water concentrations in
ruts, Various types of cross drains are used, including open-top culverts and
intercepting dipse. Some points to consider when installing cross drains ares

a) Specing requirements — spacing depends on a number of factors such as road grads,
and type of material. Guides for spacing are presented in Table 4.

b) Open~top culverts are usually constructed of wood (Fige 5)s They should be
instelled at a 30° angle downslope to promote self cleaning and meke crossing
easier (Fige 6)¢ Culverts of this type must be properly maintained to prevent
plugging and damage by iraffics
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Figure 5. An open—top culvert constructed of wood. Spreaders on the bottom of the logs
meintain culvert shape and the S5-cm spaces between the boards prevent water
from running down wheel iracks and across the culvert.
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Freire e Tnstallation of an npen—~top culverl.  Gulverts vaoculd e slanted atl least 30
downslope to help provenl plagging.
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Filgure 7. TDesign of outsloped dips For forest roscds. & to Y,y slope about 10 to 15 om to
assure lateral Ilow; B, no material accumulated at this point - may require
surfacing to prevent cutting; Dy providce rock rip-rap to prevent erosion; E,
berm to confine outflow to 0.5 m wide spillway. -
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Figure 5. Denign of insloped dipa for forest roads. i to Cy slope about 10 to 15 em to
assure lateral Tlowy By 1o =elerial aceumulaled at this peint - may require
surfacing to provent Futting; Dy provide rock rip-rap to prevent erosion; - £,
berm to prevent overflow; Py culvert to CATTY witter bencath road; G, widen for
4iteh ~nd pipe inlot, -
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c) Intercepting dips, when properly constructed, are cheaper to maintain and more
permanent than wood, open-top culvertses Dip design depends on the kind and speed
of the traffic ueing the roads The dip designs shown in Figures 7 and 8 allow road
use by passenger autos travelling at speeds of approximately 30 kilometers per hour,
On steeper roads it may be necessary to install open-top culverts (using the same
design) in addition to dips to meet the cross-drainage spacing criteria shown in
Table 44 A good discussion of dip design is given in reference 8,

d4) In a2ddition ‘o cross drain spacing, location of cross dreins is an important factor
to consider in minimizing sediment delivery to stream channels from either insloped
or outsloped roads. Some location guides are presented in Figure 9,

5) Berms are required on the outside edge of the road at specific locations where alignment
and grade characlteristics cause excessive runoff from the road tread over the fill slopes
Use compacted soil, soil cement, or asphalt mixtures to construct stable berms, Where
necessary, use downspouts in the berm to safely carry water to the bottom of the fill
slope, Locate downspouts at safe water discharge points and provide energy dissipators
{rock basins, etce) to further reduce erosion hazards (Fige 10).

8¢ SLOPE STAETLIZATION MEASURES (REVEGETATION AND MULCHES)

Slope stabilization includes revegetation and other measures to control surface erosion
on reoad cut and fill slopes and on waste and borrow areas. Usnally the objective ia to

eatablish a dense vegetative cover to reduce forces available for eroaion and increese
surface protection,

Considerable evidence indicates that surface erosion on severely disturbed soils such
as road fills is highest immediately after disturbance and decreases rapidly over time, On
granitic slopes in Ideho, approximately 80% of surface erosion occurred within the first
year following disturbance (16), This suggests two things: (a) it is mandatory that
gstabilization practices be applied immediately during and following constructionj and
(b) stabilization practices must provide rapid benefits. Thus, simply seceding disturbed

areas may not he acceptable; transplaniing or milching may be required to achieve the desired
results,

Stabilization of mass erosion is beyond the scope of this guidelinej however, there is
considerable evidence suggeating that deep-rooted vegetation (trees and shrubs) acts as a
deterrent to mass erosions Since deep=rooted vegetation also helps control surface erosion,
ite use is advocated for slope stabilization (17)e

Some suggested guidelines for slope stabilization are described below:

Ba1l Revegetation

1) Site factors governing air and soil temperature, soil moisture, and fertiliiy are
impertant influences on revegetation success, Large variations in these factors
can occur throughout the length of a road, partiocularly in low precipitation zones or
in areas with prolonged dry seasons, Such differences are often magnified in
mountainouwe areas, Thus it is important to tailor revegetation measures to the specific
site factoras Consider elevation, aspect, rain shadow effecis, ground-waier sespage,
soil and bedrodk properties, eicey in evaluating site differences, Be sure to include
vegetation in the evaluation, both as an indicator of site potential and to serve as a
guide for species selection.

2) Site preparation is often an important prelude to seeding and plantinge This might
include various practices such as: (a)} mpreading previously stockpiled topsoil;
(b) chaining, harrowing, disking or rolling to roughen the seedbed and break surface
crusting; end (c) fertilizing.
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Guides for locating cross drains. Several locations require cross drains independent
of spacing guides. 4 and J, divert water from ridge; A, B and G, cross draln

above and below junction: C and D, loczte draine below log landing areas; D and

H, draine located with regular spacing, E, drain above incurve to prevent bank
cutting and keep road surface water from entering draw; F, ford or culvert in draw;

G, drain below incurve to prevent water from coursing down road; I, drain below

seeps and springs.
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Figure 10. Construction of a downspout in a berm.

Excess water accumulations on a berm
must be drained by a downspout.
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3) It ie desireble to conduct seeding operations before mulching to attain maximum benefit
from the milch., Howevar, this is not possible in some locations (esge, areas with
pronocunced dry seasons ) bacause the time of eeeding or transplanting is critical. To
illusirate, many locations on the west coast of the United States are influenced by a
distinct Mediterranean climate causing & prolonged drought periocd in the summer,
Seeding and planting operations during the dromght period are usually failures;
operations must tske place in the fall to be successful. Transplanting through a
previougly applied mulch is often successful in these situalions, Sometimes wattling
(installing low barriers of soils and brush along the contour up and down the slope) is
a succesaful substitute for mulching. Seeding, planting, or both, between the wattles
can then be carried cut at the proper time.

4) Species selection sust be designed to meet local needs, Grasses have been most
commonly used; however, forbs, shrubs, and trees alone or in combinations should be
considered. Legumes have particular benefits as nitrogen fixers as do some other planis.
Deep—rooted plants including both trees and shrubs can help increase mass stability as
well as reduce surface erosion. Rapid=growing, short-lived species (e.g., some of the
ryes and oats) are often desirable for nurse crops for slower growing vegetation.

5} Fertilization should accompany most revegetation operations. Proper types and amounts
of fertilizer should be based upon scil analyses or experience in the area. Additional
amounts may be required if organic mulches are used.

8.2 Mulches

In some areas, vegetation response is rapid enough to provide slope protection during
the initial high erosion period. However, it is wusually necessary io supplement the
protection during the interim with mulches, Mulching provides additional benefits by
reducing surface soil temperaturese, water losses from the soil, and soil crust formation.

1) Many kinds of materials ranging rrom logging slash to peanui shells have been rised for
milchings Type of material is not as important as the need %to use sufficient amounts
in cloge contact with the soil.

2) On steeper areas it is often necessary to anchor the mulch into the seil by covering it
with netting material that is pirmed in place, apraying adhesive chemicals (e.gs, liquid
asphalt, various polymers) onto the mlch, or rolling it with a spike roller,

3) Machines have been developed that combine mulching material (straw or wood fibre are
commonly used) with water, an adhesive, or both, and spray the mixture onto the £lope,
Usually, seed and sometimes fertilizers are added to the mixture to provide mlti-
benefiis in one operation,

8.3 OQther practices

Other types of stabilization practices have also been useds

1) Recent development of polymers permits stabilization of disturbed areas by spraying the
material on the surface.

?)} Sometimes revegetation practices increase infiltration of water into the surface
sufficiently to increame mass erosion hazards to the point of failure (11)s In these
cases, an impermeable material (eeg., asphalt, certain polymers, or even plastic
sheeting) may be required to stabilize surfaces.
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9. CMSTRUCTI®

The conetruction phase is the moment of truth for a road development, The best
planning and design is uselese unless it ie incorporated into the finished product,
Competent planning and supervieion of the construction phase is probably the single most
important factor leading to success. This requires a thorough knowledge of construction
methods, equipment, materials, and tecting coupled with a sense of diplomacy t¢ communicate
with the individuals doing the work. Such a background will not only enable the
construction supervisor to develop the road as planned but will also allow him to effectively
deal with the inevitable design changes required during conatruction beceuse of unforeseen
ciroumstances (especially in earthwork and drainage inetallations).

Some important erosion control practices 1o consider during construction include:
1) Keep slope stabilization work as curreni as possible with road constructions

2) A thorough job ¢f clearing and grutbing is required to insure proper consiruction of
filla, Overcasting onto brush and timber or incorporating brush and timber into the
fill material car lead ic serious surface and mass erosion problems., In addition,
provide a good bage for fills and assure proper compaction as fills are constructed,

3)  wWhere rosgibley the cleared vegetaiion should be spread evenly over the soil surface
beneath the toe of the road fill, The vegetation material should be cut up or somehow
crushed into the surface 1o assure close contact with the soils This practice should
enhance the buffering qualities of the slop= beneath the road (see Table 2),

4) Wher installing culverts, avoid channel changes and place culverte so they conform to
the natural stream channel as closely as possible, Remove as mach debris from the
channel above the culvert as possible, Carefully coirpact the fill material around all
culvertas to prevent seepage and ultimate culvert failure,

5) Keep stiream disturbance to an sbsolute minimuim and avoid ii altogether during high flow
periodsa,

6) Vagaries in weather conditions are an important factor leading tu erosion during
constructions In areas where the climate permita, plan jobe for completion during dry
periods. Lleewhere, limit the work area 1o small sections than can ve completed bafore
proceeding further, This exposes a minimmp of disturbed area to eresion forces in the
event the weather changes, Light rains usually have limited erosional impacta,
However, if obvious impacts occur during larger storms, be prepared to cewse operations
after installing emergency drainage as needed. It is advisable to install all desigmed
drainage from the downstream end of the job to the upstream end in areas of
unpredictable weather,

10. ROAD MAINTENANCE

Diligent maintenance is an absclute necessity to gssure effective erosion controel
throughout the life of a roesd. Following constructiion, inevitable deficiencies in design
and congtruction practices require modification or repalr. Throughout the life of the road,
traffic use and natural deterioration continue to make diligeni maintenance a necesasity.

Recommended maintenence practicee aret

1) A maintenance record should be developed for each road consisting of the actual
conetruction plans for the rosd and a tally of the kind and cost of maintenance
operations required over time, The record will asslst in training new personnel and
provide = Bolid background of data to prevent extension of mistakes to roads in other

arcifds
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CROSS-SECTION AT CENTER LINE

Figure 11. Cross ditoh construction for forest roade with limited or no traffic.
Specifications are average and may be adjusted to gradient and other conditions.
A, bank tie-in point cut 15 to 30 cm into roadbed; B, crose drain berm height
30 to 60 _cm aboye road bed; C, drain outlet out 20 to 40 cm into road; D, angle

drain 30° to 40 downgrade with road centerline; E, height up to 60 cm, F,
depth to 45 cm; G, 9C to 120 cm.
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Culverts, oross drains, and dips should be cleaned regularly to assure proper
functioning, especially before winter or expected rainy seasons. Debris should be
removed from live drainages for a distance of 30 m upstream from the inlet, Cross
drains and dips are often damaged during high uee perlods or sometimes even removed for
more efficient traffic flow; they should be replaced before rainy seasons or snowfall,

Ditches should be cleared of debris and sediment accumilations with care being taken
to avoid dieturbing stabilized ditch bottoms. Avoid undercutting the roadeut when
removing slide debris,

Grade the road surface asm often as neceasary to retain the original surface drainage
(either insloped or outsloped)}s Take care to avoid Bide—casting graded material over
the fill elopee Carefully monitor surface drainage during wet periods and close the
road if necessary to avoid undue damage., Restore surfacing on the roed tread smd in
the road ditch if necessary following damage caused by operatfon in wet periods,

Haul all excese material removed by maintenance operations to safe dipposal areas,.
Apply stabilization measures on dispomal sitee if necessary to assure that erosion
and pedimentation do not occur,

During large storms or excessive snowmslt it ia beneficial to patrol roads to assure
that road drainage facilities are functioning.

ROAD CLOSUHE

Meny roads, especially work roads amsociated with iimber harvesting, are designed for

use only for a short time, These roade should be closed along with any other roads that
are needed only for intermittent travel to minimize maintenance expense and erosion hazards,
Two possible situations exiet: (a) the road should be closed, but use is anticipated in the
future; and (b) permanent closure is desired,

1141

1)
2)
3)
4)
5)

6)

1)

8)

Temporary closure

Steps recommended for temporary road closure ares

Block the road to vehicles,

Remove all temporary culverts including brush and wood types,
Remove all temporary bridges,

Remove all cther culverts and bridgee thet cannot be maintained.

Except on large fill slopes, outelope ths road surfaoe and remove all berms, taking
care not to splll graded materisl over the fill slopes The best way tc accomplish
this is to grade material toward the out bank. Outslope only enough to divert water
over the bank (approximately 2 to 3% plus the slope gradient of the road in peroent).

When removing oulverts and bridges, be mure sll fill materiml is removed from below the
high water line of the stream, 411 material that i removed should be placed in a safe
disposal areas The remeining fill material should be left at a stable angle.

Cross ditch the road tread in asccordance with the cross ditch design shown in Figure 11,
and the cross-drein spacing guides in Table 4 and Figure 9,

Revegetate the road surface and areas disturbed by road closure opsrations along with
any other areas of exposed soil, Use all revegetation procedures necessary (including
milching) to stabllize the eite,
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11.2 Permanent closure

Similar procedures are used for permanent road closure except that all bridges and
culverts are removed. In addition, it is also desireble to break up road surface
compaction to reduce runoff and provide & better site for revegetation., Ripping with a
hydraulic ripper is an effective way to accoumplish this. Fill material should be removed
from any area where mass failure ie possible in the future. Place material in a safe
disposal area and use erosion control methods at the disposal area.
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V.

WATERSHED ORGANIZATIONS AND
SO0CIO-ECONOMIC FACTORS

Gurbachen Singh l/
Punjab, India

1. INTRODUCTION

Planning and implementation of a watershed management programme is complex, Ii
requires the collection and analysis of a great deal of information on the physical,
biological, economic and social aspects of a region as well aB a well-trained gtaff. The
relationshipa of plants, so0il and water to land management are fairly well understood in
the developed nations. They are not 8o appreciated in the developing countries, where vast
areaa of the world have been laid waste by overgrazing, reckless felling of forests and the
farming of sub-marginal lands (Pigure 1), with an apparent unawareness of the economic
hazards which are created.

, ~
o o

Pigure 1. Erosion in Asiz is one of the principal problema impeding the development
of agriculture snd causing flood and sedimentation problems (FAO photo by
H, Full, Java, 1971).

1/ Mr. Singh was until recently Chief Conservator of Forests, Punjab, India,
266 Secton 9C, Chandigarh, India.
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2 SOCIO-ECONOMIC FACTORS

Feople are the most important factor in good watershed management. The root cause of

watershed degradation in most of the developing nations is the ignorance and economic
backwardness of the people and their outmoded social systems.

These lead to:

- Cultivation of poor land without adequate soil and water conservation and of land
basically unsuitable for sustained agriculture,

- Spread of shifting cultivation, involving permanent forest land or reduction of

forest fallow periods, with soil exhaustion and a replacement of forest by
grasslands,

- Deterioration in forest conservancy.

- Overgrazing of forests and grasslands so that vegetation disappears and stone
screes and ravines are formed.

- Read building and other land-changing public works without conservation.

As the rural population increases, shifting cultivation spreads further into more
fragile lands and even into permanent forest lands., In many cases, the forest fallow
period is reduced which results in exhaustion of seils and the replacement of forests by
inferior scrub and grass species. This process, combined with fires, is responsible for
vast destruction of forests., Laws and regulations have failed to stop shifting cultivation
and its rapid growth. It is a socio-economic problem forced by increasing population
pressure and the lack of altermative means of livelihoods The problem is further aggravated
by political situetions in some countries, Similarly, the destruction of forests by fire
is also caused by ignorance, deeprooted economic evils and the belief of the forest dweller
that fire will produce a fresh flush of green grass, destroy insects ard wild life harmful

to cattle, drive game into traps or even propitiate the rain gods in times of prolonged
drought .

Ware from times immemorial have been responsible for destruction of forest resourcec.
Whenever a forest was suspected of harbouring an enemy, it was deliberately burnea to deny
a place of concealment, The war refugees are also responsible for burning and clearing
the forests for a subsistence form of agriculture, In the example in Indo-China, prolonged
war aiced by scientific kmowledge and modern technological advances has been responsible
for an unprecedented scale of forest destruction and environmental damage s

Even in comparaiively peaceful and developed regions, failure of the governments

to protect foresi areas, combined with the generous granting of grazing rights and other
privileges, has been responsible for the seriocus retrogression of forests. The immediate
demands of the population frequently are nursed by politicians, who glve little attention
to safeguarding the environment for the future, Inadequate consideration of the geophysical
conditions of a ragion and the social reguirements of the population, compounded by great
emphasie on the immediate objectives to increase economic development has often resulted

in wasted effort and imbalances between man and his environment,

The concept of comprehensive watershed planning and conservation of natural rescurces
has teer generally missing in the developing nations, For example, road construction,
interded to develop economically backward regions, has often lacked the soil conservation
concept, resulting in the widespread destruction of hillsides, There are also serious
organizational limitations and lack of technical and managerial personnel to apply a
multipurpnse approach for balanced development., Furthermore, there is B general absence of
vocational education in forestry, agriculture, animal husitandry, soil conservation and
water management in the developing countries and liitle research to deal with the problems
atiectings watersned ronditionr.
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e NEED FOR WATERSHED ORGANIZATIONS

Laws, regulations and conirols have generally failed to stop shifting cultivationm,
subeictence agriculture or overgrazing. No pious hopes can force shifting cultivators to
give up their destructive practices unless aliernative means of livelihood are provided
that are also acceptable to the communities. In addition to finding technical solutions
of watershed problems, studies are alsc necessary on social systems, ethnic structures,
political and power structures, interest in group formation, land tenure systems,
attachments to land, rights and privileges, attitudes to modernisation, motivation for
achievement ani types of participation. Omnly an organized interdisciplinary approach has
promise of effectively meeting this challenging need, An essential need is o develop a
sound organisational structure capable of comprehensive plamming and coordination of
policies and activities necessary for the protectior of catchments and the integrated
development of natural resources.

3.1 National Watershed Commissions

The formation of a Waterghed Commigeion or Authority at the national level has
helped governments to obtain an overall view of & couniry's needs and to voice these needs
in an authoritative mammer. Such commissions can draw up policies and plamns so as to
achieve an overall, conservation—oriented development of land and its related resources
in a balanced coordinated manner, BSuch orghnizations must be vested with powers and
responsibilities for comprehensive planning and efficient execution of worke and must cut
across disciplinary and agency boundaries. There should be representation of the various
interests and disciplines concerned, such as forestry, agriculture, soil conservation,
hydrology, economics and rural sociology. They should be headed by a person of high
calibre with administrative experience., They should have a professional staff of
conservationists, soil scientists, engineers, agronomists, agrostologists, hydrologists,
foresters, sociologists and economists. Since such trained and experienced staff is
generally not available in developing countries, specialized training of personnel is a
vital part of the creation of this kind of authority.

The conmission also must act as apex body in respect to various rubordinate authorities
and disciplines comnected with management of water and related land resources, and provide
information, advice and guidance to the subordinate bodies. Another responsibility of
such organization would be to assemble,analyse and distribute information.

A river system from source to sea is one organic whole and any intervention in one
cection of it will affect its entire regime; tiherefore a watershed or basin may be viewed
as a unit of orgenization and plamnming. Tributary and sub-watersheds {or sub-basins)
could form sub-units for micro-planning and control. Thus, underthe natiocnal commission
or authority there may be subordinate agencies, such as river basin boards or regional
watershed authorities {"catchment boards").

3.2 River Basin Boards

River basin boards or authorities need to be established for each major river system
or, in the case of very large or international rivers, for parts of a river system. These
boards would act as subordinate agencies of the National Organisation and would be
responsible for identification of the problems, surveys, coordinated planning and execution
of workss, Various diseiplines, social and political groups and local authorities would be
represented in them. They would be supported by professional staff, Such boards would
be responsible for maintaining coordination between local administrations, technical staffs
and cooperating agencies. The boards would develop soil survey and scil erosion criteria
and make specific recommendations on alternatives for land treatment within their watersheds.
Local or regional watershed boards which are established under higher authorities could also
be useful in decentralizing control of large river basins,
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Pigpare 2, Typical terracing for conservation on the steep slopes in the foothills on the
Himalay:.- (FAO photo by TeA« Simpson, India, 1962,)

The boards might also have to organize demonstration centres for local administrations
and the public where land-use adjustment, improved woodland and grassland management, soil
conservation, land grading, water control structures, water management, and better farming
techniques would be shown and taught, The centres could serve as focal points for the
growth of better practices and could provide the results of research under actual field
conditions. Another of their functions would be the training of large numbers of technical
personnel under field ¢onditions — which i to say the creation of a cadre capabls of
commanding the respect of land owners and land userse
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3,3 A& Soil Conseryation or Watershed Management Service

A dedicated service of individuals who are technically qualified to handle watershed
problems, backed by strong adminiptration and have the confidence of the public is essential
to a country's watershed management capability. Within the watershed area, the forest
services should retain respomsibility for the conservation, management and development
of forest Teserves and national forests. However, the planning of all soil conservation and
management activities on other wild lands, farm lands, and range lands, chould be the
responsibility of a special soil conservation and watershed management service. Thia new
organization should have the professional capability for investigating, planning and
executing all soil and water conservation activities according to the guidelines and
technical standards provided by the River Boards.

It is important that the Soil conservation organization cooperates with the forest
service and that it develops cooperative programmes with private and public agencies,
univercities and research laboratoriese. I% should operate demonstration projects initiated
by the River Board authorities and provide leadership in integrated watershed management,

A suggested organizational framework is given in Table 1.

Table 1 - Possible organization for a watershed management organization

lhtional/state conservationist

| T — 1 i

Soil Survey Planning Watershed Agronomy Forestry Pasture
Division Division Management Division Division Management
Division Divieion

Watershed/area conservationist
{with aﬁea specialists)

Sub--watershed/distriet conservationist
(with supporting technical staff)

Unit-level technicians

Jed Financial and Tbchqical Aegistance

The degree and degradation of the world'e river basins calls not only for wide
awareness, but also for a coordinated application of both technical development and
resourcess. It is to be recognized that investments in soil and water conservation or in
long term forest development projects mey not be able to compete with other claims on the
financid resources of a developing country, where every cent of investment is expected
to bring quick benefits. When it is beyond the economic and technical resources of the
local commnities of a developing country, then ungrudging aid from the developed countries
and the international conmunity is called for in terms of financial aid, guidance. planning,
equipment, training and demonstration so as to develop watershed management capabilities
which will cope with the problems of that country.
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de PUBLIC COOPERATTON AND PARTICIPATION

The success of any watershed management programme does not rest solely en scientific,
technical or economic considerations. It also invelves social and political factors.
t is necessary to understand the social traditions and attitudes of the people and win
their hearts and confidence. Human motivation and puklic cooperation are essential tools
to achieve suceeéss in proper land use managemernt.

Since land use adjustment is the key phase of the cverall watershed programme, really
effective management can be achieved cnly when land owners themselves take active part
in the work. MWatershed management organizations should aim at developing local capabilities
for the formulation and execution of *heir programmes by organizing provincial, district and
local organizations of soil and weter conservation with local leadership,

Pigure 3, Local offorts. A new 10-metre open percolation well under construction in India

built through WIF/FPAC labour-iriensive, local ertorts (World Food Programme/FAO
photo by Peyton Johnmon, India, 1970).
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5. INFORMATION AND EDUCATION

Every citizen should have the opportunity to develop anm awaremess and appreciation of
his country's natural resources. He should know. how they affect his life, how to use and
how to safegunard these resources for economic and political organizations. Natural resource
concervation should form an essemtial part of school curricula., Textbooks and education
courses should be developed, explaining in simple language the principles and benefits of
integrated resource management. Hill people may be trained in foresiry skills, Farmers
information and training camps and tours can provide gimple instructions in s0il and water
conservation and proper land uses The press, radio, films, television, bulletins,
exhibitions and demonstrations should be used for this purpose. Seminars on soil and water
conservation can be useful.

6a INCENTTVES

Sometimes financial and social incentives are necessary to develop human motivation.
For example, the inhabitants of watershed areas can create and plant forest plantations and
help protect the forestss One way to achieve this is to give them a share in the proceeds
from the sales of forest products. Oranting permanent rights to land users when they adopt
soil conservation practices can be an effective incentives Creation of forest-based.
industrial cooperatives of the local population, with local leadership, can provide
motivation and develop a desire for active participation in the development of forests.
Young men from tribal groups and forest dwellings, for example, may be educated and trained
and given employment in forest and soil conservation organizations and extension work.

Te SUMMARY REMARK

What is particularly important in puiting any of these ideas and reforms into effect
ig the consciousness that new ideas are more acceptable to people when they come not from
outsiders tut from their own kind of people and especially those with whom they grow up and

trust. People are the most important factor in good watershed management and resource
development .

Figure 4, Congervation measures often may rely on ioca. materiats ana nhand labour,

for example, in gully correction work with small logs and rocks
(Photo courtesy of U.S, Forest Service).
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IVI,
FOREST MANAGEMENT TO MINIMIZE LANISLIDE RISK

by
Raymond M. Rice 1/
Pacific Southwest Forest and Range
Experiment Station

1. INTRODUCTION

1.1 Magnitude of Landslide Erosion

Mass wasting is the dominant erosional process in moet steep-slopea cutchments.,
ind the major mechanism in this process is the landslide (2, 6, 8, 19, 24, 25, 29}, In
this paper, unless explicitly stated to the contrary, the term "landslide" will be used in
reference to debris avalanches and other forms of shallow failures.

One of the coneequences of landslides is the increake in sedimentstion estimated as
accounting for 25 percent of sediment load of the Eel and Mad River Basins (26), but may
be as high as 50 percent. Why the uncertainty? The principal obatacle to the study of
landselides is that, although the amount of material eroded may be large, storms that produce
landslides occur only infrequen*ly — in the order of only once every 6 or more years., A
short—term exrperiment, therefore, is unlikely to measure landslide eroeion together with
other types of erosion. Typically, a lendslide-producing storm imposes itself upon another
experiment. And the inveaiigator measures its effect in this experiment. The data from
such studies demonstrate that landslides can produce subsiantiel amounts of erosionr. After
a large storm, Dymess (6) found about 0.75 landslides per km? in & 61 kn€ drainage 1a
Oregon. That represented erosion rate of about 1 000 metric tons per ¥km, As high as that
rate may have been, the rate was five timea greater in a 101-ha experimental basin within
the drainage, which had 24.7 ha of recent small ciearcuts and 6.3 ha of roads (7.

1.2 ‘Types of Landslides

Each of the various types of landelides is influenced to some degree by vegetation
manipulation (27). Shallow slides, such as debris avalanches, however, are the ones most
likely to be itriggered by logging or destruction of the foreast cover. They are the ones
over which the forest manager can exert the most control (29). Less subject to control are
deep-seated failures. Roads or tractor irails built for timber harvesting can trigger auch
failures when improperly placed on unstabie terrain.

i/ Author is Principal Research Hydrologist at the Pacific Southwest Forest and Range
Experiment Station (U.S. Forest Service, U.5.DsA.), Arcata, California, U. S.A.




- 272 -

Fig. 1. Stability of a slope is detemmined by slope angle, geology and meisture
conditions. ‘The slope angle (S) determines the partitioning of the
force of gravity (G) into a downslope component (E) that promotes failure
and a component (I) that promotes stability

wl
o

Pigfe o Landulides oiten ooour at the head of drainageways. These took place on
a clearcul bio-i i the Kiumath Mountains, California,
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1.3 Factora Related to Uccurrence of Landslides

The factors that affect soil holding a single tree on e steep slope are many (Fig. 1).
The slope angle 5 determines the partitioning of the force of gravity G into a downalope
component E that promotes failure and a normal component F that promotes stability (through
its effect on the frictional resistance to sliding along CD;. The resistance to sliding at
CD is governed by the soil, geology, and mcisture conditions at that surface. If the
potential failure is mt the interface between the so0il and parent material, the gross

roughness due to siratigraphy or jointing of the parent mate.ial surface will also affect
frictional resistance.

Cohesion of the soil tends to prevent movement, Generally, cohesion increades as
the goils become more finely textured. Counteracting this iendency the cohesion of fine
textured soile is greatly reduced as the soil meisture increases. Soil saturation will
also, by creation of high pore water pressures, "float" the potential failure block (ABCD)
on the surface (CD}. If this zone of saturation is confined below an impermeable stratum,
such as a B horizon, very high pore water pressure can result. The iree growing on ABCD
promotes stability in two ways. It decreases Boil weter by iranspiration, and its roote
mechanically tie the petential failure block ABCD to stable portions of the slope. The
lateral anchoring to the sides and upslope ABCD probably adde more to stability than roots
tying it to the parent material beneath. It is principally this connection between alope
stability and tree roote that associatee landalide occurrence to root decay following
logging.

Slope is probably the key factor related to the occurrence of landslides, Slides can
only occur when alopes are steep enocugh for some other factors to combine and produce a
stress that exceeds the resistance of the soil or rock material making up the slope.

Other factors related to the occurrence of landslides are physiography, soil and
geology, climate, vegetation, and disturbances. Since some disturbance ie an inevitable

part of forest management activitiea, it is usually safe to assume that they will increase
landalide riek.

2. APPRAISAL OF LANISLIDE RISES
2.1 Phyeiography
2.1.1 Slope

Analyses on granitic terrane have shown that slope "explained” from 44 to 77 percent
of the influence of site on the occurrence of landalides (21). Mudflows have been reported
on slopen as flat an 3° gd) and gehria avalanches have occurred on slopes as steep as &
{25). Slopes between 30 and 40 seem io be the most frequent sites for landslides.
Neglecting the effect of stratigraphy, for the moment, the slope at which landslides occur
increages as 803l texturs becomes coarser. Therefore, the critical elope {the Blope above
which nemsrly all landeiides occur) is much ateeper on granitic terrane which typically has
a coarse textured soil than where the parent material is basalt, which typically developea
a finely textured soil.

2.1.2 Position in relation to drainages

Since excess moiature ig almost always amssociated with landslides, most failures occur
in drainages or adjacent to etream channels. A variable indicating whether the contours
were convex or conocave (in plan view) accounted for about 20 percent of the variability of
oocurrence of landslidea (21). In profile, the most frequent site for landslidee seems to
be just below a convex break in eélope at the head of a small drainage (Fig. 2). Thie
coinoidence of landslides and drainage pattern indicates that the aubsurface drainage is
genarally paraliel to surface drainage, but there is evidence to suggeet that thie is not
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necesgarily the ocase, In wite appraisal, consideration should be given to the areas where
it is expected that subsurface water will concentrate rather than relying solely on surface
contours.

Landslidee frequently occur adjacent to flowing streamsa, where - besides excess
subsurface canyon botiom waler — slopes may be undercut by stream action. Undercutting
removes the mechanical support for the slope much in the same way that a rosd cut might
irigger a landslide. Usually, failures of this {ype will be found on the outmide of bends
in the stream (Fig. 3).

2.1.3 Unstable areas

An area with a history of landslides is likely to have recurrences of these phenomena.
In southern Califernia, 81 percent of the area of debris elides occurred in locations with
previous slide history (14). Such landslide-prone areas can be detected on the ground or an
aerial photos by the presence of uneroded landslide scars, longitudinal flow ridges, landslide
deposits, landsiide toes intruding on io siream channels, or bowl-shaped depressions.

2.2 Soil and Geology

2.2.1 Rock type

Rock type affects the rate of weathering and the type of amoil that develops, In the
Cascade Mountains of central Oregon, for example, landslides associated with roads occurred
27 times more ofien on green tuffs and breccias than they did on other geologic parent
materials (6). Since geology and soil interact with climate and vegetation, it is diffieult
to accurately judge the effect of rock type on landslides apart from the other factore. &
rough approximation can be obtained by combining results of different studies {Table 1),
These data, while incomplete, illustrate the interaction between geology, topography, and
roads. Presumably, a similar relationship exists with respect to timber harvest. As
expected, the largest sediment production was related to roads constructed on the #teepest
alopee and on a granitic parent material. At the other extreme, no measurable increase in
road erosion was found on glaciated metamorphics and basalts of gentle slope. Roads on
granite of moderate slope produced little sediment, but they produced substantial amounts
on sandstone, which was also a substantial sediment producer in an undisturbed state.

2.2.2 Heathering

Mozt parent materials are not susceptible to landslides in an unweathered condition.
As weathering increases, landslide susceptibility increases, with thickening of the so0il
mantle and fracturing of the parent material. Intermediate in the veathering process,
maximum vulnerability is achieved when the mantle is fairly deep and the soil is still not
cohesive, As weathering proceed§, the formation of clay and soil aggregation leads to a
decline in susceptibility to landslides. On steep slopes, the process is often arrested at
early weathering stages owing to continual surface erosion and landsliding.

2.2.3 Stratigraphy and structure

Slopes that are nearly parallel to bedding planes of sedimentary parent materials,
or to the direction of jointing and fracturing of any parent maierial, are more susceptible
to landslides than those which are not. The reason for this difference is most easily
illustrated in a sedimentary parent material.

In the parallel situation, stratigraphy promotes landslides in two ways. First, the
surface of the parent material and interfaces between atrata in the parent material provide
zones of weakness and ready-made failure surfaces (Fig. 4). Second, the beds will tend to
concentrate and return percolating subsurface water to the surface. Abundant water there
may produce high pore-water pressures and increase susceptibility to landslides. 1In the
opposite situation, the geologic strata are more or less normal to the surface slope (Fig. 5).




Figs 3.

Landslides often take place next to
flowing sireams. ‘This landalide was
started by undercutting of banks of
the Mad River, in northern Califormia.

15 -

P‘ig. 5

Subsurface rainwater flows in the
direction of the slope when geologic
strata dip toward clope.

When geologic strata dip away from
the slope, subsurface rainwater {'lows
in that direction,




E}Unpublished data on file at Pacific Northwesi Forest and Range Experiment Station, Corvallis,

Table 1., Erosion and Sedimentation from Logging Roads in the Western
United States, by lLocation, Soil, Slope, Vegetation Type
Soil Sedimentation Average amount of material HRatio
parent Type of on Years removed for the period Disturbed/ Refer-
Location material Slope  vegetation Depogition Sampled Undisturbedl Disturbed Undisturbed ence
Pct, Metric tons/sq. km./yr.
Idaho Granite 7 Pipus Deposition in 6 8.8 396 45.2 {16)
ponderosa dams in small
ephemeral
drainages
Oregon St et one 20-50 Psuedotsuga Suspended sedi- 1 Approx. 42 9, 2.2 { 5)
menziesii ment from
watersheds
Csiorado  Glaciated 30-40 Pinus Deposition in 10-14 1é.2 (2/} 0.0 {15)
Metamorphies eontorta dams in perennial
Abie lasiocarpa drainages
< idaho Granite 35-55 Pinus Deposition in 4=-5 0.0 1.2 - (10)
ponderosa sediment dams in
ephemeral and
perennial stream
Oregon Glaciated 20-30 Psuedotsuga Suspended sedi- 4 Average (3/} -- {4/}
basalts menziesii ment at gaging <12 ppm
station
Oregon Tuffs and 55  Psuedotsuga Suspended sedi- 2 25.6 56 2.2 {7)
breccias menziesii ment and bedloads
from watersheds
Source: {22)
1/Assumed sediment volume weight of 70 pounds per cubie foot
2/5light increases traced to rcads but not significant
3/Nc change except slight increase during rcad construction
Oregon.,

- 9lz -
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Because wealnesses in the bedding planeg of the geologic formation are normal to the
direction of failure, they contribute little to failures. Such slopes are also more stable
because the atrata tend to direct water awsy from the surface rather than concentrating it
there.

2.3 Climate

Climate determinee the type of etorm that will be required to trigger a landslide.
In humid climates, the scil mantle may be in & barely stable condition throughout much of
the year. In such situations, only a relatively short period of above-normal rainfall is
necessary to trigger familuree. For example, diurnal rainfall of 50 nm was sufficient to
release sarthelides in the Torentrask-Narvik ares of northern Norway and Sweden {19). At
the other extreme, in southerm California, Bailey (1) places a rainfall threshold at about
460 mm in 12 daye on coarse-textured soile that were rarely above field capacity., The storm
in Norway would occocur about once every & years; the storms in California, once every 8 years.

Just what ie the critical ¢limatic event will depend on twe factors: +the rainfall
regime, and how rapidly moisture can drain from the moil. The more slowly moisture can drain
from the soil, the more susceptible slopes will be becauwse they will carry over from storm
to storm. Except for permafroet environment the temperature regime haes little to do with
the relative importance of landslides as an ercsional process. Landelides can be as
important an erosional process in a sub-arctic environment {19) as in tropical areas (24).

2.4 Vegeiation

Although vegetation may incresse suasceptibility to landslides (25), most evidenoce
suggsnte that the more vegetation on a site the lower is ite susceptibility te landslides.
An axample of this condition, although not in a forest type, shows landslide occurrence
inversely correlatead with eize and density of vegetation (Table 2) (3). The only devietion
from that trend was in the riparian zone; where, in apite of heavy vegetation, the disturbing
influence of the stream caused more landelides than in other leaa dense parta of the
chaparral. Another exception to this inverse correlation beiween landslides and vegetation
waa found in a freshly burned area (Table 1), wnich had only 62 percent of the landslide
erosion measured in the area that had not burned for 49 years. Apparently, a freshly
burned area is spared soms landslide sroeion because low infiltration rates prevent spufficient
water from entering the soil to trigger landslidea., At the same time, p0il in euch an area
is fully supported by the roots of the former vegetation,

Table 2: Percent of Area of Vegetation Types that Slipped on the
Bell Canyon Watershed ?7n Dimas Experimental Forest,
California ( 1966~1967) 1

Vegetation Type Area in Slipe
Sage and barren ' 23.9
Perenniel grass 11.9
Annual grass 6.5
Riparian weocdland 5.3
Chamise chaparral 3.3
Oak chaparral 2.6
Broadleaf chaparral t.2

Source: (3)

1/ Average slope of siudy areas ranged from 55 te 59 percent
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Table 1: Effect of Fire and Type Conversion on Landslides during
- 1969 Storms, San Gabriel Mountains, Cslifornia 1}

Landslides
Yegetaiive Cover Year Bumed w3 /ha
Grass 2/ 1960 844
Chaparral 1960 298
Chaparral - 1919 16
Chaparral 1968 10

Source: {(20)

1/ average slope of study areas ranged from 55 to 59 percent
2/ Converted after fire

Within a given size of plants, species may be an indicaior of the likelihood of
iondsliding. Bailey (2) has found that Populus tremuloidies was an indicator of instability.
This epecies favoured wet sites and could propagate itself by layering if ite roois were
“orn by movement. These iwo characteristics gave it a competitive advantage over other
species and caused it to dominate areas which were creeping or susceptible to landslides,

Picneer species of all types may indicate landsiides since they would be the first
to invade landelide Bcars or deposits. Creep often precedes landslide failures, therefore,

tilted trees may indicate prior movement - especially if the tilis are in differing
darections.

One common landelide indicator - but of doubtrul value - is curved tree trunks. In
the deciduous foresis of the eastern United 3tates, noc evidence has yet been found to
aubstarfiiate the contention that curved tree trunks indicates soil creep (18). A curved
tree trunk could indicate soil creep, a landslide, or the potential for a landaiide, but
on steep slopes most of the forces against the trunk are downslope.

Je EFFECT COF CUTTING TREES

Teft Changes in Evapoiranspiration

A mature forest depletes soil moisture at a near maximum rate, After a timber
harvest, therefore, the ecil moisture regime will be greatly altered. During moet of the
rear, soil on cutover lands will have higher moisture content than that on forested lands
{¥ig. 6). Generaily, the drier the climate, the more important will be the role played by
ifferences in moil moisture depletion between foresied and cutover lands. If both a
torested and a clearcut area are near field capacity during moet of the year, the effect
of the timber harvest may be negligible.

As far as landslides are concerned, 1t is the amount and duration of the deficit
which are important., If the period of deiicit does not extend into the portion of the
rainy season when landslide producing stoncs are most likely to oceur (Fig. 7), then
lifferences in soil moisture may be of little pr-.iical consequence. 1f deficit period
coincides with the period of maximum landslide stress (Fig. 8), then the soil moisture
depletion effect of the timber harvest may ve crucial and lead to substantially more
landslides in a clearcut area, As regrowih occurs, the soil moisture depletion effect




- 219 -

Field capocity

e
7

| 7
| ”

/||/,\Forested
|
|

Clearcut

7

Soil motsture content

t—"Depietiong’l(—Recharge-*

«————Dynamic phase N Static phase >
. >
Time
Pig. 6. Idealized representation of soil moisture cycle in forested and
clearcut areas. (9)
3
b 0
C .. ‘ul-;
@ 3 5
= . :
8 : g
" “ 3
O . o
13 : 5
z ) o
’o S,
= ] e
o e . k! =
& —) ” .~ Y 5
Forested N ’, a
" Storm probability o, QS.?
1 i ] -.-1‘". 1 i | i ] 1 '.".
June July Aug Sept Oct Nov. Dec. Jan. Feb Mar Apr. May
Fig. T Idealized soil moisture deficit which does not coincide with
period of landslide producing storms.
£
- 2
« L]
5
S
8 E
w D
3 S
T Fa
3 3 . =
wy > /s N ., ks
Forested~" M ¢ ", .§
Storm probabihity /"-.,‘ a
L ] L .": ) L ] ] L ] “Tryeera
June July Aug Sept Oct Nov Dec Jan Feb Mar. Apr May
Fig. 5. Idealized soil moisture deficit which coincides with

landslide producing SloTMS.




- 280 -

diminishes. Its duration will depend upon the vigour and density of the vegetation that
follows the timber harvest,

3.2 Root Decay

Under mosi circumstances, most of the increase in landslidee after timber harvest
can be attributed to decreasze in the sirength of ithe slope resulting from root decay.
Kitamura and Namba (12, 13) indexed the contribution of tree roots to slope strength by
the force required io uproot stumps and trees. The force required to uprost a stump
declined rapidly after harvest, but there were species differences — presumably related to
decay resistance of the roots (Fig., 9). Cryptomeria japonica was the best for the

prevention of landslides; Larix leptolepsis was intermediate, and Pinus thunbergii was the
least effective apecies.

3.3 Regrowth of Vegetation

3.347 Seedlings

The uprooting resistance of seedlings and young trees that develop after a timber
harvest vary only slightly among species ~ especially in the early years (Fig. 9) (12, 13).
This finding seems reasonable since the mechanical differences between species would not

become apparent until root aystema were nearly completely developed and substantial amounts
of heartwood had been created.

3.3.2 Sprouts

In a sprouting species, it seems likely that the pattern just described would be
altered. In addition to a decline in strength from the stumpe which die after harvest
and an increase in strength from seedling reproduction, there would be added a strength
regime of etumpe which coppiced. These siumps presumably would enter into a brief period
of decline while the root symtems atrophied in response to the cutting. A period of rapid
recovery of strength would follow as sprouts develop. Just how much effect sprouting might
have on total slope strength would depend on the proportion of stumps which eprouted.

1.4 Net Slope Strength

Uprooting resistance does not necessarily equal the coniribution of roota to slope
strength, but presumably the two are closely correlated. To estimate the net trend of slope
etrengih by adding resistance curvea from both stumps and reproduction would probably be
an oversimplification. Nonetheless, it would be inatructive to do so because it highlights
even more markedly the differencea in slope strength due to differing species and cutting
systems (Fig. 10).

Whether the greater vulnerability of one species over another is of practical
importance depend8 upon where a critical resistance threshold appears on the ordinate. If
landelides are very unlikeiy unless the net uprooting resisiance drops below two, then the
difference between species would be of little importance. If, on the other hand, the
critical value were four we would find for example, that P. thunbergii was vulnerable to
landsliding after harvest but 2. japonica wae not (Fig. 10). 1f the threshold were at six,
both apeciea would have a period of vulnerability but that of C. japonica would be shorter.
Storms that ocan produce stresses equal to the lower resistance values are more fragquent
than those that can overcome the higher resistance values., This phenomenon tends to
accentuate the imporiance of differences among tree epecies (Fig. 10).
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4. EFFECT OF SILVICULTURE SYSTEM
4.1 Clsarculting

As far aB landslides are concerned, clearcutting is the least desirable silvicultural
syetem bacause strength is reduced simuitaneously over the whole harveat area, In an
exteneive inventory covering over 12 000 kmZ in Japan, more than 10 000 individual
landalides were tallied. The volume of soil moved was nearly 2.5 times greazter on the
areas supporting even-aged plantations than it was on areas supporting natural forests or
mixed forests (17)., These findings support the admonition that even-aged, single-speciea
management ahould be avecided on potentially unstable slopes.

Anoiher reason for avciding clearcutting where landeslide risk exists is the effect
on s8lope strength of any delay in achieving prompt regeneration. A S5-year delay in
aecuring regeneri-ion P. thunbergii illustrates this point {Fig. 11). Not only is the
period of vulnerability extended but also the minimum strength is reduced.

4.2 Shelterwood System

Landslide riesks resulting from even-aged management can be reduced by tuming from
a clearcutting system to a shelterwood system. Hypothetical curves show net elope strength
when the first harvest of a non-sprouting apecies removes a volume equivalent to half of
the forest'e contribution o slope strength and second cuttiing, 10-years later, removes
the remaining volume (Fig. 12}, This cutting mystem achieves two desirable objectives:
(a) in:zreasing the minimum strength, and (b) reducing the duration of vulnerability for
any resistance threahold.

4.3 Selection System

If we aBsBume five evenly epaced cuts over the rotation age of the forest, we find
that a selection system will weaken in slope strength only slightly (Fig. 12). Clearly it
is the best gystem for potentially unstable areas if there are no other adverse considera~
tions. If a selection system required the use of tractors for yarding, it could have
greater adverse effect on amlope stability than could even-aged management with yarding
accomplished by cable systems.

4.4 Coppice Management

With any silvicultural system, a epecies which will sprout can probably maintain
alope strength at a high enough level so that the removal of trees during the harveest will
caure only a trivial incresase in landalide risk. Thie would be true only if management of
the atand is prudent and maintaine high levels of growing stock. In the inventory study
in Japan (17), among the various forest conditiones, the most landslides were found in the
"poor coppice foreat."

S. EFFECT OF QTHER FOREST MANAGEMENT ACTIVITIES
5.1 Roadse

In most circumatances, roads more frequently cause landslides than do timber harvests.
Roads gouge deeply into subsoil and parent material; logging disturbance is generally
restiricted to the soil surface. Hoad cuts can remove downslope support that was buttresaing
potentially unstable areas, Roadfill materianl may be deposited on slopes barely strong
enough to support the weight of the existing mantle, HRoadcute intercept subsurface water
and may channel it to areas which are unable tc cope with the additional flow. Fer these
reasone we find frequent references to the importance of roads.




During the 1964-65 floods, 72 percent of the landslides on an experimental forest
.n Oregon were assoclated with roads {6) ~ although roads occupied only 1.8 percent of the
area, This intensity of landsliding was 115 times greater than that found in undisturbed
portions of the experimental forest. Landeliding in the logged portion was only 10 times
greater than undisturbed conditions.

Similar results have been reported for foreete eleewhere, Roads were involved in
60 percent of the damage to National Forests of Washington and QOregon after the 1964-1965
floods {23). In southern Idaho, 90 percent of the failures studied were associated with
roads {11). 1In Oregon, & single road failure produced 40 percent of the total sediment
yield for the year from a 303}-ha drainage containing 4 km of roads constructed to permit
clearcut logging of about 25 percent of tha watershed (5). In all these cases roads had
been constructed on steep slopes.

One of the moat importent ways that forest management can minimize landslide risk
is 10 minimize road mileage and to the fullest exteni poesible, locate necesaary roads on
the more Btable portione of the landacape.

5.2  Fire

The likely immediate effect of a fire is to reduce landslide risk (Table 3). As
i1ime passes, however, the roots of the former vegetation decay, and new vegetation reatiores
infiltration. A burned area then becomes much more vulnerable to landsliding (Table 1).
1a total, the effect of a fire on landslide ogccurrence is quite like that of a clearcut
timber harvest.

5.1 Conversion

The conversion of an area from woody vegetation to grass is the most hazardous
vegetative manipulation that managers can undertake. If the terrain has an appreciable
slope, it is safe to asmsume that some portion of its stability was due to the stabilizing
effect of the roots of the woody vegetation. Consequently, increased erosion and increased
landsliding are often associmted with zonversion (9, 21, 28). Conversions are especially
hazardour because the herbaceous vegetation promotes rapid infiltration without lending
appreciable mechanical support to the slope that was formerly dependent upon it. A
conversion is like a clearcut with no regeneration {Fig. 9).

6. PHEPARING MANAGEMENT PRESCRIPTIQNS

6.1 Critical Slopes

In snalysing landslide problems associated with a timber harvest, firet prepare
a 8lope map of the harvest area. Next, determine what ia the loweat elope upon which
landslides have occurred in the past. Group all slopes flatter than its lowest one into a
single slope class that presumebly presents no landslide risk. In actuality, some
landslides will occur in this area. Because smoothing neceesarily accompanies the mapping
process, emall steep facets will be incorporated in areas that have much flatier slope on
maps. In a 1959 atydy (21), 2 percent of the landslides occurred in arees mapped as hav1ug
slopes less than 28~ - even though all slides meaBured were on slepes steeper than 31 .

If there are eufficient data about slopes on which landelides have been occurring,
another slope olass could be created. This class would include all areas sieeper than
those which experienced landelides, WNormally, such areas will be found 1o be rock outcrope
or to contain a different, more stable geologic formation. If adequate data are not
available to define this slope, however, it is better to aesume that landslide risk
increases with slope. Finally, subdivide the slopes considered suscepiible to landsliding
into two or more slope classee., The number of classes will depend upon how much of the
harveat area is susceptible to landslides and variation in susceptibility. These critical
8lope clasmes will then be the focus of further attention in attempts to minimize landsl:de
loages.
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6.2 Soil and Stratigraphic Conmiderations

In areas where aoil surveys or intensive geolegic mapping hae been done, the data
compiled can be used to supplement slope information in appraising relative landalide
hazard. But before final plans are made, all susceptible areas should be inspected on the
ground.,

Undoubtedly, circumatances will arise that will make it necessary to cross steep
slopes with new roads used for the harvest, If this can be done on soils which are
characteristically stable or on areas where the bedding planea are nearly normal to the
surface, losses from landalides may be reduced. BEven within a geologic formation, there
may be subunita exceeding average stability. To the extent that distrubance cen be
concentrated on those units and reduced on others, the adverse effects of the harveest can
be minimized.

6.3 Expected Stress

If data on the types of storme that have led to landsliding are available, they
should be used to estimate the recurrence interval of those storme. This information oould
he useful in predicting the likelihood of a storm during the vulnerable period after a
timber harvest, If such information is lacking, a return period between 5 and 10 years
should be aseumed, using lower values for humid climates and higher ones for more arid
climatea,

6.4 Potential losses

6.4,1 Loss of productivity

For each landslide-producing event, between 2 and 6 percent of a harvest aTea will
likely be bared by landslidea (6, 7, 21). From data on iree rings, Fujiwara (8) estimated
that from 10 to 15 years were required for vegetation to cover landslide scars in Japan.

He found that north and east facing slopes recovered almosi twice as rapidly as dry south
and weat slopes.

To appraise the total loss in productivity, tne manager should base his estimate on
the product of the expected number of landslide-prcducing storms, the damage expecied from
each storm, and the loss of growth from the landslide area until they revegetate. In moat

cages, landslide scars, sven after revegetating, will not be as productive ms undisturbed
soil.

6.4.2 Damage to other values

Related amenities are often as important as the timber resources. Questions 1o be
considered are: Will accelerated landslides from the timber harvest block transportation
routea or increase their maintenance costa? Will sediment entering streams damage a valuable
fisheries resource? Will wildlife values be damaged? Will the appearance cof the area be so
degraded as to create political pressures which will inhibit the effective operation of the
managing agency?

6.5 Hesources Gaing from Management

Normally, an area would not be considered for harvest unless it contained valuable
wood products. These are usually the most important benefits derived from forest harvesting
operations. Other benefits might be the financing of a transportation system needed for
other management purposes, the enhancement of wildlife values by creating more open and
diverse cover, or increasea in streamflow.
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6.6 Balancing CGaine and Losses

Attempts to appraise the danger of landslides in an area are fraught with unceriainty
because of the random nature of storms. This would be true even if the forest manager knew
with a high degree of certainty the several parameters that affect landslide riska., His
role ig to balance potentisl losees againet potential gaine. In so doing, he gaine a number
of benefite, One is a form of pelf-discipline that helpe insure that the desirability of a
timber harvest is exemined objectively. In such an examination, the ratio of benefite to
costs must be oconsidered. Another benefit is that a foreet munager who has a firm techno-
logical base is in a better position to withstand political pressures that are often brought
to bear on management decisions. And he is better equipped to arrive at sound decisione
about what can or should be done to minimize landeslide rieks.
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ir.
WATTLING AND STAKING

by

T.Ce Shang
Watershed Management Officer, FAOQ l/
El Salvador

1. INTRODUCTION

Wattling and staking (or "contour wattling”) is a watershed treatment chiefly for
stabilizing road fill banks and similar areas of bare slopes. It is a combination of
mechanical stabilization and re-vegetation which has proved very practical and succeasful
in many parts of the world. The method described here was originally deviged in the U.S.
Forest Service in the 1930s, although variations of the same general approach are in use in
other ccuntries, especially in the Alpine region, where a woven twig style of wattling is
well known ("clayonnage'}. Because it is labour intensive, it is suited to developing
countries where new roads are built in hilly or mountainous regions.

The reader should recognize, of course, that the examples and detsils in thia paper
are baged on experiences in Jamaica. As with any watershed treatment, the methodology would

need adaptation before use in other areas and there are areas where the techuigue would not
be applicable.

2e THE SITE

The wattling and staking treatment is primarily for controllfng surface ercsion on
certain types of f£fill slopes. The method is not ideal for application on hard cut banks or
on areas of mass mcvements Even along road fill banks, the following sites are not suitable

or should be improved before wattling and staking:

a} cut banks which slide continuously, thus creating danger that the sliding
material will cover the siaked area below;

l/ Paper developed within the FAQ field programme, based largely on the author's
experience on the FAO project in Jammica: "Foresiry development and watershed
managenent in the upland region".
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Figure 1.

Procedures of Wattling and Staking. Steps 1n contour wattling and planting:
A. Stakes set in contour rews, showing approximate angle of the stake
which bigec*s the "plumb bob" line and a line at right angle io the slope.
B. Trench cut just above the stakes. C. Brush wattles packed into trench
reating against stakes. D. Lower contour completed, with brush watiling
partly buried by soil from next trench above. E. Sowing and planting;
cereal grains are sown at g (and at g in exiremely loose soil or where
wattles are 4 feet (1.25 m) or farther apart): native seeds or plants are
set at s-p. (From U.3. Forest Service Handbook)
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b) areas of poor road drainage, which may threaten the staked areaj;
¢} a Bite with no seil left or with rock cover;

d} a site where natural vegetation already exists;

e) a low bank which will stabilize itself naturally in time.

(Repeat; these are the areas not generally appropriate for application of the
technique. )

3. THE METHOD
A brief deacription of the method, step by atep, is as follows:

The best time to apply this treatment is in the winter or early spring, when the
stakes are dormant, and a little before the rainy season.

3e1 Land Preparation

Shape the fill slope from the top to the bottom. 3Small rills or gullies should be
filled in and rocks or tree branches removed or placed at the toe of the slope. Diversion
ditches may be needed for longer slopes.

3.2 Staking

Guided contour lines should be laid cut on the slopes. Staking should be atarted
from the bottom of the slope upward with intervals of 1.2 m {or 4 feet) between rows and
0.5 m (or 1.0 feat) within each row. A hectare requires about 17 000 stakes {or an acre
about 7 000 stakes). The length of the stakes depends on the overcasting material on the
alope: 1 mor 1.2 m (3 or 4 feet) length is desirable. The stake diameter should be 5 cm
to 6.5 em (2 to 2.5 inches). All stakes are sharpened at the bottom ends.

The correct angle for driving the stakes through the fill is approximately the
bisection of the angle between the "plumb bob" line to the earth surface and a perpendicular
to the inclined slope (mee Figure 1 example)s To avoid splitting, a piece of strong wood
should be placed on top of the stake when it is being driven in. Driving it in should be
done gradually and cautiously. The stake should be driven through the fill and into the
original ground. A maximum of 15 cm or 6 inchea is allowed to stick out of the ground. Any
aplit ends should be sawn off. One third or one fourth of the stakes should be of those
species which will easily sprout and grow. The following are some species which have been

uged succesafully for this purpose but, of course, the possible species vary from one region
to another.

Lagerstroemia subcostata
Glyricidia sepium
Malletus japonicus
fagssia siamea

Salix spp.

Bambusa spp.

It would be ideal if every fourth stake to be driven in a contour row is a live stake
made of those species which can sprout and grow in the future.
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Figure 2. Wattling and staking done under the special Employment Programme
along a forest road, Mt. James Forest District, Jamaica, 1975
{Photograph made by the author shortly after work completed)

Figure ). For comparison sake, an example of the somewhat different style of

wattling and staking ("clayonnage") more commonly known in the European
countries. {Photo: U.3. Forest Service)
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3.3 Trenching and Wattling

A contour trench of 20 cm (B inches) wide and 25 cm (10 inches) deep should be dug
against or immediately above the contour stakes (Figure 1). Wattling bundies of 13 em
(5 inches) diameter and 3 m (10 feet) long should be put into the trench overlapping and
and tails This work should be done from the bottom of the slope to the top. The wattling
bundle should not be completely buried into the trench but should be left with part of the
branches and leaves above the ground to serve as a buffer strip. The trench and the nearly
buried bundles serve at least three purposess

a) to intercept the runoff and reduce its velocity;

b} to act as a barrier or a buffer atrip for controlling rill or gully formation;
and

c) to conserve moisture for stake growth.

3.4 Seeding and Planting

If necessary, grass and trees could be planted to speed up the protection of the fill
alope. In areas where live siakes are not available theae praciices are necessary.

4. THE CREW AND EQUIPMENT

The stakes should be cut, sharpened and ready along the site. If the brush watitles
are also ready, a crew of ten men would be sufficient as a working unit as follows:

- Staking, 1 helding stake and 1 driving (3 tsams) 6
- Trenching and burrying wattles 2
- Transport of material, contouriag, etc. 2

The following are tools needed for a 10-man crew:

~ Hand level 1
- Wooden hammer or mallei 3
- Heoe 2
- AXe 1
-~ Hand saw 1

~ Cord or wire and woaden board

On very steep and long fill banks, a simple cable system should be set up for
tranaporting the material and a safety rope should also be used for going up and down the
3lope.

On the average, a well organized 10-man crew should be able to treat 200 né to
250 n2 {or 2 000 to 2 500 sq ft) a day. A kilometre of new road may only have perhapa one
hectare or more which nesds to be stabilized by wattling and staking.

5. MA INTENANCE

It is important to inspect the staked area during the first rainy season. Any
runoff coming from the road surface above should be diveried away by building a contour
dyke along the road shoulder (or berm). Any breake should be repsired and gtrengthened to
allow re-vegetation to take place.




