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reliability and accuracy of soil erosion and sedimentation data. Current
data are often collected with equipment developed decades ago, and
such equipment is incompatible with modern computer simulation
technologies. Finally, the historical erosion data bases are often devel-
oped from data for agricultural crops (varieties, row spacing, manage-
ment practices) that are different from those planted today. Significant
investments in personnel and funds that are in excess of those currently
.available will be required to overcome such problems.

From a policy standpoint, land managers and conservationists need to
be able to (1) target those lands that are most vulnerable to erosion, (2)
develop and apply treatments to these vulnerable lands, and (3) predict
how changing land uses and conservation practices have an impact on
erosion from the new land uses and conservation practices. Finally, the
financial implications of those relationships need to be estimated.

With the current state of technology, the objectives described above
will be expedited with further development of (1) geographic informa-
tion systems, to permit assembly and input of the data needed by the
evolving models; (2) the data bases required by the new erosion and
sedimentation models; (3) fundamental sediment transport relation-
ships appropriate for use in upland farming areas where runoff occurs in
small channels and where the hydraulic roughness is large relative to
the flow depth; and (4) transport relations that address the particle size
ranges of sediments so that assessments of adsorbed agricultural chem-
ical transports can be made.

TREATMENT TECHNOLOGY

Technologies that can be used to reduce the amount of sediment in
surface water focus on two objectives: (1) improving farming practices to
reduce erosion and runoff, and (2) improving stream channels and
riparian vegetation to reduce erosion of stream banks and streambeds.

Farming Practices

The effects of different types of plant cover, tillage, and cropping
systems have been evaluated on erosion plots and watersheds and by
using rainfall simulators and wind tunnels. Various types of conserva-
tion tillage practices have been developed and evaluated. They have
been found to reduce greatly both water and wind erosion from land
during intensive cropping. Scientists have also identified and quantified
those soil and sediment characteristics that affect erosion rates and
sediment pollution potential.
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Farming technologies, in an effort to meet producer needs to preserve soil
quality, are designing equipment to meet changing farming systems. This no-till
drill has an adjustable down-pressure system that applies constant force on the
openers for consistent penetration in varying soil conditions. Credit: Deere &
Company.

In most farming systems, the critical period for erosion is the time
after harvest but before a new crop is established. During this period,
soil is most exposed to wind and water, and, therefore, is most
vulnerable to erosion. Efforts have been and are being made to develop
farming practices that increase soil cover during this noncrop period
(Mills et al., 1991).

Much effort has gone into the development of reduced-tillage systems
that increase the amounts of crop residues to provide soil cover after the
crop is harvested. Many different systems of conservation tillage have
been developed for different farming systems in different regions.
Mannering and colleagues (1987) described five kinds of conservation
tillage systems in use in the United States, including no-till or slot
planting, ridge-till, strip-till, mulch-till, and reduced-till systems (Table
9-1). All of these systems are designed to cover at least 30 percent of the
soil at the time of planting.
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TABLE 9-1 Conservation Tillage Systems in the United States

Tillage System Description

No-till or slot planting The soil is left undisturbed prior to planting. Planting is
o completed in a narrow seedbed about 2- to 8-cm wide.
Weed control is accomplished primarily with herbicides.

Ridge-till The soil is left undicturbed prior to planting. About one
third of the soil surface is tilled with sweeps or row
cleaners at planting time. Planting is completed on ridges
usually 10 to 15 cm higher than row middles. Weed
control is usually accomplished with a combination of
herbicides and cultivation.

Strip-till The soil is left undisturbed prior to planting. About one
third of the soil surface is tilled at planting time. Tillage
in the row may be done by a rototiller, in-row chisel,
row cleaners, and so on. Weed control is accomplished
with a combination of herbicides and cultivation.

Mulch-till The total surface is disturbed prior to planting. Tillage tools
such as chisels, field cultivators, disks, sweeps, or blades
are used. A combination of herbicides and cultivation is
used to control weeds.

Reduced-till This system consists of any other tillage and planting
system not described above that produces 30 percent
surface residue cover after planting.

SOURCE: Adapted from J. V. Mannering, D. L. Schertz, and B. A. Julian. 1987. Overview of
conservation tillage. Pp. 3-17 in Effects of Conservation Tillage on Groundwater Quality,
T. J. Logan, ]J. M. Davidson, J. L. Baker, and M. R. Overcash, eds. Chelsea, Mich.: Lewis
Publishers.

The effects of conservation tillage systems on runoff and soil loss can
be dramatic. Table 9-2 compares the amount of surface soil cover, soil
erosion, and runoff from a rainfall simulator for three different wheat
tillage systems. Increased soil cover was found to greatly reduce both
water runoff and soil erosion. Table 9-3 gives sediment yields (soil loss)
and water runoffs from two watersheds, one under a conservation
(ridge-till) tillage system and one under a conventional tillage system.
Average runoff was nearly 3 times greater and soil loss was 10 times
greater in the conventionally tilled watershed than were those in the
conservation tilled watershed. Table 9-4 illustrates the percentage of
cropland (nonforage crops) planted under various forms of conservation
tillage in 1985.

The National Association of Conservation Districts reports the area of
land under conservation tillage annually through its Conservation
Tillage Information Center. The 1991 report (National Association of
Conservation Districts, Conservation Tillage Information Center, 1991)
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TABLE 9-2 Surface Soil Cover, Soil Erosion, and Runoff from
Different Wheat Tillage Systems

Cover . Runoff Soil Loss
Periqd System (percent) {cm) (kg/ha)
Fallow after harvest Bare fallow 62 0.9 662
Stubble mulch 9 1.5 803
No-till 91 0.1 718
Fallow after tillage Bare fallow 4 3.6 9,401
Stubble mulch 92 0.9 208
No-till 96 0.1 17
Wheat 10-cm tall Bare fallow 26 35 7,246
Stubble mulch 38 2.4 2,576
No-till 85 0.5 550
Wheat 45-cm tall Bare fallow 78 4.3 2,094
Stubble mulch 83 2.9 836
No-till 88 1.6 337

SOURCE: ]. M. Laflen, R. Lal, and S. A. El-Swaify. 1990. Soil erosion and a sustainable
agriculture. Pp. 569-581 in Sustainable Agricultural Systems, C. A. Edwards, R. Lal, P.
Madden, R. H. Miller, and G. House, eds. Ankeny, lowa: Soil and Water Conservation
Society. Reprinted with permission from © Soil and Water Conservation Society.

TABLE 9-3 Runoff and Soil Loss from Watersheds under
Conventionally and Conservation Tilled Systems

Conservation Tilled Watershed Conventionally Tilled Watershed
Runoff Soil loss Runoff Soil loss

Year (mm) (metric tons/ha) {mm) (metric tons/ha)

1973 27 0.2 75 1.1

1974 2 0.0 14 0.7

1975 3 0.0 21 1.8

1976 10 2.5 4 0.0

1977 8 0.2 104 18.4

1978 40 1.1 81 9.3

1979 76 0.2 102 4.3

1980 50 4.5 116 51.8

Average 27 1.1 65 10.9

SOURCE: J. M. Laflen, R. Lal, and S. A. El-Swaify. 1950. Soil erosion and a sustainable
agriculture. Pp. 569-581 in Sustainable Agricultural Systems, C. A. Edwards, R. Lal, P.
Madden, R. H. Miller, and G. House, eds. Ankeny, lowa: Soil and Water Conservation
Society. Reprinted with permission from © Soil and Water Conservation Society.
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TABLE 9-4 Cropland Area under Various Forms of Conservation
Tillage, 1985

Percent Cropland Planted in Nonforage Crops by

Region NT RiT ST MT ReT  All Percent Idle
Pacific Northwest 3.6 0.1 0.0 207 7.9 32.2 32
Northern Great Plains 36 0.1 0.0 16.0 9.5 29.3 32
Central Great Plains 3.5 2.0 1.3 24.0 14.8 45.7 27
Southern Great Plains 1.2 0.2 0.1 16.7 12.3 30.5 24
Northern Comn Belt 3.1 14 0.2 315 0.5 36.6
Southern Corn Belt 7.3 0.7 0.2 29.4 2.7 40.3 5
Northeast 6.2 0.1 0.0 7.0 8.9 2.2 3
Eastern Uplands 15.4 0.0 0.1 14.9 8.4 38.8 6
Piedmont 22.7 0.3 0.3 16.4 8.0 47.7 3
Coastal Plains 8.6 0.1 0.6 13.1 2.8 25.2 6
Associated Delta 2.0 0.2 0.0 4.4 5.3 11.7 12

NoTE: NT, no-till; RiT, ridge-till; ST, strip-till; MT, mulch-till; ReT, reduced-till; All, sum of
area under any conservation tillage system.

SOURCE: R. R. Allmaras, G. W. Langdale, P. W. Unger, R. H. Dowdy, and D. M. Van
Doren. 1991. Adoption of conservation tillage and associated planting systems. Pp. 53-84
in Soil Management for Sustainability, R. Lal and F. J. Pierce, eds. Ankeny, Iowa: Soil and
Water Conservation Society. Reprinted with permission from © Soil and Water Conser-
vation Society.

contains much information regarding efforts to control erosion with
conservation tillage practices. Figure 9-1 shows, by U.S. counties, the
land area on which conservation tillage systems are used. In 1991,
conservation tillage was used on 28.14 percent of all planted lands; this
estimate was up from 26 percent in 1990 and 25.6 percent in 1989,
indicating increasing adoption of this method of erosion control.

The use of cover crops is an important way of controlling erosion. For
example, an extended period without soil cover during periods of
potentially high erosion leads to excessive erosion in many areas.
Hargrove (1991) recently described research highlighting the advantages
of using cover crops for maintaining clean water.

Channel Management

Channel erosion tends to increase when there are low sediment loads
from decreased upland erosion and tends to decrease when there are
high sediment loads from increased: upland erosion. Thus, erosion
control on farm fields and upland areas, such as that which might result
from the use of conservation tillage or grassed waterways, may result in
excessive channel instability if runoff is also not controlled. Channel
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FIGURE 9-1 Crop residue levels on planted acreage by region in 1992. U.S.
Department of Agriculture, Economic Research Service. 1993. Agricultural
Resources: Cropland, Water, and Conservation. Situation and Outlook Report
AR-30. Washington, D.C.: U.S. Department of Agriculture, Soil Conservation
Service.

erosion damages include instability resulting from steepened banks and
storm flows over channel banks in reaches where sand and gravel
accumulate, leading to poor floodplain drainage, runoff pollution, and
off-site damages. Upland erosion control programs may also reduce
runoff rates and amounts, but it may be accomplished at the expense of
reduced water supplies downstream.

Channel maintenance programs suffer from the perceived idea that
engineering efforts associated with, for example, bank stabilization,
grade control, dredging, and energy control are aesthetically unaccept-
able and destroy wildlife and biological habitats. Therefore, engineering
approaches to watershed management (as well as flood control and
channel maintenance) are not receiving public support. Yet, there are
many scenarios by which a combination of upland and channel treat-
ments are required for ecological, natural resource, and environmental
protection or enhancement. Treatment of channel erosion must be based
on consideration of the temporal and spatial complexities within the
entire watershed, which is a very complex problem at best.
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Technologies for channel erosion rectification are available. Such
technologies include the use of vegetation, rip-rap (protecting stream
banks with rock or other nonerodible materials), and various structural
materials for bank stabilization; grade control structures for bed stabili-
zation; and debris removal, channel realignment, and river-training
structures (structures that control or direct the flow of water in river
channels) for increasing the amount of sediment and water that can be
conveyed. Upland treatments may increase the retention times of water
runoffs and thus reduce the flood peaks and their associated erosive
capacity through channels and limit the delivery of sediments to
channels subject to deposition.

Channel maintenance involves control of the energy of the flowing
water in such a way that erosion of the stream banks and streambed is
minimized in an environmentally and aesthetically acceptable way.
Energy control methods involve combinations of agronomic and engi-
neering treatments that enhance channel dynamics and environmental
control. Some specific technical problems are described below.

Sediment Transport

Sediment transport is still poorly defined. Deviations of actual sand
transport rate measurements from average trends are large with long
time cycles. Consequently, estimates of the sand load for unmeasured
streams or for single events in even the most intensively observed
channels cannot be made on a reliable basis. Few measurements of the
fraction of gravel in the bed material load have been made, but the
evidence suggests that gravel accumulation in alternate sand and gravel
bars may deflect the water flow and cause erosion of the opposite banks.
Consequently, design of control measures remains largely an empirical
equilibrium relation with a limited basis to define the probability of
failure. Rectification methods vary in cost, so the means to design
rectifications to balance construction and maintenance costs with poten-
tial losses from failures are needed. Development of new, more eco-
nomical rectification methods may be feasible. Research is needed to
define the relative effectiveness of combinations of various protective
measures not only in protecting upstream channels but also in altering
the amount of sediment delivered downstream. Development of
systems approach to channel rectification is needed. '

Distribution of Erosive Forces

The distribution of erosive forces between bed and bank materials and
between particles of different sizes is poorly understood. More impor-
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- tantly, critical shears are not well understood. Bank material is often
affected by electrochemical forces, primarily in the silt-clay fraction, and
knowledge of how to treat these forces remains obscure, especially
given the heterogeneity of bank materials. Fundamental studies are
needed to clarify these uncertainties.

River crossings can be affected by both scour and bed degradation
caused by erosion in the river channel. Scouring causes local and often
temporary lowering of bed levels over a short distance, whereas
degradation causes an extensive and often progressive lowering of the
riverbed over a fairly long distance, which also implies a disequilibrium.
Whereas scour problems can often be controlled by local protective
measures, progressive degradation may be more difficult to control if it
is not detected in time. Consequences may include loss of land,
exposure of building foundations, stream bank failures, and loss of
embankments, dams, or other structures. On the other hand, scour
around local structures such as jetties and bridge abutments can proceed
independently of the more general degradation process.

Downstream Impacts

Downstream impacts have been restricted mostly to evaluation of the
effects of sediment on channel stability and the filling of reservoirs in
relatively small watersheds. Most of this effort has been concentrated in
traditionally agricultural areas in the South and Midwest. In addition to
climatic variability and hydrologic differences, some areas of the United
States have influent rather than effluent streambeds, which change the
nature of downstream impacts of channel instability.

Channel Dynamic Conditions

The channel dynamic conditions must be incorporated into water
resource analytic models in sufficient detail to permit meaningful
assessment of the role of engineering structures and channel heteroge-
neity. Whereas past modeling efforts have generally been approached
with one-dimensional models, the technology is not appropriate when
suspended and bed material move along nonaligned paths.

Effect of Wetlands on Sedimentation

Wetlands can have important effects on sedimentation. For example,
drainage from wetlands can alter the stability and hydrologic balance of
downstream channels. Furthermore, the runoff moving from wetlands
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may be clear of sediment and have sufficient energy to ‘degrade
downstream channels. In still another scenario, the runoff storage
provided by a wetland may reduce peak discharge rates and reduce
downstream flooding and channel deterioration.

What is needed is a wetland classification linked to geographic,
aquatic, or ecological features; the relative abundance of wetland types
within a region—especially critical watersheds; and the threat of degra-
dation both to the wetland and to off-site resources (Reilly, 1991).
Habitat, water quality improvement, flood prevention, and groundwa-
ter recharge should be considered.

Bottomlands are a special classification of wetlands that differ consid-
erably between the humid eastern and the semiarid western parts of the
United States. The more even distribution of monthly precipitation in
humid areas results in infiltration in the upper part of a watershed that
often reemerges in bottomlands. The bottomland width is controlled by
topography, climate, and geology. Bottomlands tend to discharge
groundwater to their associated streams and provide a significant part of
the stream flow. Bottomlands in humid areas are often sinks for
nutrients and sediments. Thus, the floods that do occur are shallow and
of low velocity across heavily vegetated bottomlands that trap most of
the upland sediments.

In more arid regions such as those in the western United States,
influent streams that result when the water table is below the level of the
channel bed result in unique problems in maintaining stable channels.
Vegetation in such zones is controlled by the water table depth, which
in turn affects above- and belowground biomass and the natural
stabilities of the streambeds and stream banks. In other instances,
grazing animals have access to the channels (where they go for shade
and water) and trample the vegetation, causing bank sloughing and
pollution from fecal matter. Thus, downcutting of the channel can lower
the water table, have a negative impact on plant physiology and
production, and further exacerbate downstream problems of sedimen-
tation, channel stability, water yield, and the ecological balance.



